Late-Holocene Climate Variability in Southern New Zealand: A reconstruction of regional climate from an annually laminated sediment sequence from Lake Ohau by Roop, Heidi Anne
 
 
 
 
 
 
 
 
Late-Holocene Climate Variability in Southern New Zealand: 
A reconstruction of regional climate from an annually laminated sediment sequence 
from Lake Ohau 
 
 
 
BY 
 
 
HEIDI ANNE ROOP 
 
 
 
 
 
 
 
 
A thesis 
Submitted to the Victoria University of Wellington 
in fulfillment of the requirements for the degree of 
Doctor of Philosophy 
in Geology 
 
 
Victoria University of Wellington 
(2015) 
 
 
 
	   ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
	   iii 
ABSTRACT 
 
This research aims to improve understanding of synoptic climate systems influencing 
southern New Zealand and document changes in the intensity and frequency of these 
systems beyond the historical record by analyzing a 1,350-year annually laminated 
sediment sequence recovered from Lake Ohau, South Island, New Zealand (44.234°S, 
169.854°E). Climatological patterns originating in both the tropics (El-Niño-Southern 
Oscillation (ENSO), Interdecadal Pacific Oscillation (IPO)) and in the Antarctic 
(Southern Annular Mode (SAM)) influence year-to-year variability in New Zealand’s 
climate (e.g. temperature and precipitation). However, the range of natural variability 
of these systems in the southwest Pacific over time is poorly known because the 
instrumental record is short (~100 years). The high-resolution record from Lake Ohau 
offers a unique opportunity to investigate changes in regional hydrology and climate, 
and to also explore connections to large-scale climate patterns over the last 
millennium.  
Hydrodynamic and hydroclimatic processes that influence and control the 
production, transport, and deposition of sediment within the Lake Ohau catchment are 
examined and constrained in order to develop a robust climate record. A key aim is to 
determine the role that meteorology and climate play in controlling sediment flux. 
The physical properties and facies of a 5.5-meter-long Lake Ohau sediment core are 
analyzed using thin-sections, high-resolution X-radiographs scans, and particle-size 
analyses. Time-series analysis is used to establish links between varve facies, 
hydroclimate variability and regional synoptic climate types over the instrumental 
record. Utilizing this climate-proxy relationship, inflow conditions are reconstructed 
over the last 1,350 years and compared with regional temperature reconstructions to 
generate a Western South Island paleo-atmospheric circulation index. Relationship 
between this paleocirculation index and other proxy reconstructions show significant 
variability in the relative forcing of tropical (ENSO) and Southern Hemisphere high-
latitude (SAM) synoptic climate drivers on New Zealand and southwest Pacific 
climate.  
 Overall, this work demonstrates that: a) the laminated sediments from Lake 
Ohau are varves and the formation of the annual stratigraphy is strongly controlled by 
lake hydrodynamics, in particular, thermal lake stratification; b) sediment stratigraphy 
reflects changes in austral warm period (December-May) inflow, enabling a high-
resolution reconstruction of hydroclimate over the last 1,350 years and; c) the 
generation of a paleocirculation index for the Western South Island points to 
significant changes between northerly or southerly dominated atmospheric conditions 
in southern New Zealand, particularly over the ‘Little Ice Age’ (1385-1710 AD). 
During this time, the strength of tropical teleconnections weakened and a strong 
negative phase SAM persisted. Comparison with high-resolution regional proxy 
records from Antarctica and the Central Pacific point to significant regional coherence 
with a strong negative phase SAM acting as a primary driver of the onset of Little Ice 
Age conditions across the South Pacific. 
 
	   iv 
ACKNOWLEDGEMENTS 
 
This work is the culmination of the efforts of a broad cast of characters.  As with any 
scientific endeavor, this thesis only came to fruition through a significant amount of 
teamwork. Many thanks to Gavin Dunbar, Richard Levy, and Marcus Vandergoes for 
their dedication to the Lake Ohau project, and support throughout the thesis process. 
In addition to some good science, we have had some fun adventures together from 
swimming in freezing cold tarns in the name of science to ‘nerding out’ over a pint. A 
special thanks to Richard Levy for the plentiful chats about life and careers and for 
the encouragement to pursue my passion for science communication throughout the 
PhD process (despite the distraction!). I would not have had the skills to complete this 
work without the invaluable guidance from my previous scientific mentors, in 
particular, Darrell Kaufman, David Clow, and Al Werner. You all helped to build a 
solid foundation for my future while we worked at the Northern Arizona University, 
the USGS, and Mount Holyoke College. A sincere thanks to my new-found science 
mentors and colleagues, especially Andrew Lorrey, Rhian Salmon, James Renwick, 
Sharon Walker, Jamie Howarth, Warren Dickinson, Christian Ohlendorf, Catalina 
Gebhardt, Steven Phipps and Nerilie Abram. I extend my sincere appreciation to 
Lionel Carter, Christopher Moy, and Scott Lamoureux for their time and expertise in 
reviewing this thesis. 
 Financial support from the Sarah Beanland Memorial Scholarship, GNS 
Science, and the Antarctic Research Centre made this work possible. Emotional 
support and friendship from a large group of family and friends, both near and far, 
were critical to my sanity and perseverance during this process. A special shout out to 
Ben and Melanie Hodgman for all of the mail and mixed CD’s from Seattle! Peter 
Neff, thank you for all of your support and the many fun adventures during our time 
together in New Zealand. Kuna, you kept me healthy and happy. It is my parents, 
Peter and Connie Roop, who are responsible for inspiring and encouraging me to 
pursue science. My curiosity and inquiring mind stems directly from their example. 
The apple really does not fall far from the tree! I am eternally grateful for your love 
and continued, unfailing support.  
 
Onward to the next adventure! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   v 
 
 
  
	   vi 
Table of Contents 
Abstract           iii 
Acknowledgements           iv 
Table of Contents           vi 
 
Chapter 1 Introduction         1 
1.1 Context and Rationale        2  
1.2 Climatic and Geographic Setting      4 
1.2.1 Synoptic Climate Patterns      4 
1.2.2 Geographic Setting       7 
1.3 Varves as Climate Proxies       9 
1.3.1     Varve Formation and Characteristics     9 
1.3.2     Limnological Controls on Sedimentation     12 
1.4 Research Questions and Thesis Outline     14 
1.4.1     Research Questions       14 
1.4.2     Thesis Outline       15 
1.5 References         16 
 
Chapter 2 Seasonal Controls on sediment transport and deposition in Lake 
                        Ohau, South Island, New Zealand: Implications for a high- 
                        resolution Holocene palaeoclimate reconstruction              23 
2 Abstract          25 
2.1 Introduction         26 
2.1.1     Physical Setting       29 
2.2 Materials and Methods       30 
2.2.1     Limnological Monitoring       30 
2.2.2     Water Temperature        30 
2.2.3     Turbidity         30 
2.2.4     Sediment Traps        31 
2.2.5     Sediment Cores         33 
2.3 Results          34 
2.3.1     Hydrometeorology       34 
2.3.2     Physical Limnology        36 
2.3.3     Sedimentation        40 
2.3.4     Sediment Cores        41 
2.4 Discussion          42 
2.4.1    Winter ‘Inflow’ and ‘Outflow’ Conditions     42 
2.4.2    Summer ‘Inflow’ and ‘Outflow’ Conditions     44 
2.4.3    Flood Conditions        46 
2.4.4    Characteristics of the Longer Sediment Sequence    47 
2.4.5    Primary Mechanisms of Varve Formation     48 
2.5 Conclusions          49 
2.6 Acknowledgements         50 
2.7 References          51 
 
Chapter 3 A hydroclimate-proxy model based on sedimentary facies 
                  in an annually laminated sequence from Lake Ohau, South 
                  Island, New Zealand                            57 
3 Abstract           59 
3.1 Introduction          60 
	   vii 
3.1.1    Study Site         61 
3.2 Materials and Methods        63 
3.2.1    Physical Properties        63 
3.2.2    Chronology         64 
3.2.3    Hydrometeorological Data       67 
3.3 Results          68 
3.3.1    X-ray Density and Particle Size      68 
3.3.2    Varve Classification        68 
3.3.3    Core Chronology       71 
3.3.4    Hydroclimate-varve Relationships      71 
3.4 Discussion          74 
3.4.1    Varve Thickness and Hydroclimatic Variability   75 
3.4.2    Lamination Stratigraphy       76 
3.4.3    Towards a Hydroclimate-proxy Model for the Pre-Instrumental 
   Era         79 
3.5 Conclusions          80 
3.6 Acknowledgements         81 
3.7 References         82 
Supplementary Figures and Tables      86 
 
Chapter 4 Hydroclimate variability and regional atmospheric circulation  
                  over the past 1,350 years reconstructed from Lake Ohau, New  
Zealand        91 
4 Abstract                      93 
4.1 Introduction          94 
4.1.1  Geographic and Climatic Setting      96 
4.2 Analytical Approach and Results       98 
4.2.1    Age Model Development       98 
4.2.2    Varve Classification and Distribution     101 
4.2.3    Regional Climate Regime Classification           102 
4.2.4  Assigning Paleo-Regimes                 104 
4.3 Synthesis and Discussion                    110 
4.3.1  RCRC Regimes, Lake Ohau Inflow and WSI Climate               110 
4.3.2  Paleocirculation History of the Western South Island            111 
4.3.3     Regional to Hemispheric Scale Drivers of Paleocirculation             114 
4.3.4     Future Directions                  116 
4.4 Conclusions                    117 
4.5 Acknowledgements                   118 
4.6 References                       119 
Supplementary Figures and Methods         123 
 
Chapter 5 Project Summary and Future Research                133 
5.1 Research Motivations                    134 
5.2 Project Summary        134 
5.3 Future Directions                    137 
5.4 References         141 
  
   Appendix A     Seasonal variability in turbidity currents in Lake Ohau, New 
                Zealand and their influence on sedimentation   143 
Appendix B      Project Datasets & X-ray Imagery                    Attached Insert 
CHAPTER 1 
Introduction: 
Southern Hemisphere Climate and the Importance of High-Resolution Paleoclimate 
Records 
1
	  1.1 CONTEXT AND RATIONALE 
 
Annually- to decadally-resolved paleoclimate records extending beyond the 
instrumental period are key to understanding natural climate system dynamics. These 
high-resolution records can capture environmental change on sub-decadal timescales 
and serve as a bridge between short instrumental records and longer, lower resolution 
paleoclimate sequences (Zolitschka and Pike, 2014). Only a few types of records 
capture environmental change at such high resolution—these include tree rings, ice 
cores, varved sediments, corals and speleothems (Bradley, 1999; Zolitschka and Pike, 
2014). A number of these records are documented across the Northern Hemisphere 
(Mann et al., 1998; Ojala et al., 2012), but there remains a need to develop comparable 
records from the Southern Hemisphere (SH; Fig. 1; Neukom and Gergis, 2012).  
This is particularly true for the SH mid-latitudes which sit in the core of the 
westerlies winds, which are an important driver of hemispheric-wide climatic changes 
(Fig. 1; Marshall et al., 2003; Neukom and Gergis, 2012). New Zealand is one of the 
areas near the core of the zonal westerlies where high-resolution records can be 
recovered. A current SH synthesis of 2,000-year high-resolution paleoclimate 
reconstructions includes only tree-rings records for the New Zealand region (Fig. 1; 
Neukom and Gergis, 2012), highlighting the need for additional, diverse proxy records 
from the western Pacific sector and the broader SH mid-latitudes.  
Fig. 1: Distribution of high-resolution climate proxies records from the SH spanning the last 
2,000 years. Each circle represents a record from a different high-resolution archive. In New 
Zealand, records of sufficient quality for this composite were all derived from tree-rings, many 
of which are located in northern New Zealand. Proxy records from regions in the core of the 
circumpolar westerlies are even less common. This research aims to contribute a new 
lacustrine record from Lake Ohau, which is centrally located in this currently data-sparse 
region in the Southern Hemisphere. Figure modified from Neukom and Gergis (2012).  
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  The combination of short instrumental records and the relative paucity of high-
resolution SH records is particularly problematic as it limits understanding of ocean-
atmosphere system dynamics on different spatial and temporal scales and hinders the 
ability to place modern observations in context with past climatic variability. Further, 
the limited data from this region limits the ability to resolve the drivers and temporal 
synchroneity of climate changes over the last 2,000 years like the Little Ice Age (LIA) 
and Medieval Climate Anomaly (MCA) between the Northern and Southern 
Hemispheres (Cook et al., 2002; Mann et al., 2009; Abram et al., 2013; Chambers et 
al., 2014; Lorrey et al., 2014). Without additional high-resolution records from this 
region, our understanding of past and potentially future climate variability will remain 
limited.  
This research provides a new, highly resolved record from the SH mid-
latitudes through the investigation of a 1,350-year varved sediment sequence 
recovered from Lake Ohau, Mackenzie Basin, New Zealand (Figs. 1 to 3; 44.234°S, 
169.854°E). In New Zealand, a majority of high-resolution records spanning this time-
period are derived from tree rings and speleothems, which generally show greater 
sensitivity to temperature (Cook et al., 2002; 2006; Lorrey et al., 2008; Fowler et al., 
2012). Proxy records that reflect changes in precipitation and wind regimes or storm 
frequency are even more limited across New Zealand (Page et al., 1994; 2010; Pepper 
et al., 2004; Orpin et al., 2010). 
 The Lake Ohau sediments offer a unique opportunity explore variability in 
precipitation as the Lake Ohau catchment is geographically positioned at the northern 
extent of the zonal westerly wind belt, which is highly-correlated with seasonal 
variability in South Island precipitation (Fig. 2; Ummenhofer et al., 2009; see 
Geographic and Climatic Setting). With a close correlation between precipitation, lake 
inflow and suspended sediment in the Lake Ohau catchment (Roop et al., 2015), it is 
expected that minor shifts in the intensity and latitudinal position of the circumpolar 
westerlies will influence the physical and/or geochemical character of the annual 
laminae. Central to this research is interrogating these potential relationships in order 
to develop a robust climate-proxy record from the Lake Ohau varved sediments. In a 
three-tiered approach, this project: 1) examines the contemporary processes that 
influence and control the production, transport, and deposition of laminated sediments 
in Lake Ohau; 2) utilizes instrumental records of air temperature, precipitation and 
lake inflow extending back to 1926 to develop a robust climate-proxy model which 
3
	  links hydroclimatic variability to seasonal sediment flux into the lake; and 3) applies 
these relationships to down core variability in order to reconstruct regional climatic 
change over the last ~1,350 years.  
 
1.2 CLIMATIC AND GEOGRAPHIC SETTING 
 
1.2.1 Synoptic Climate Patterns 
 
New Zealand’s largely ‘maritime’ climate limits the number of continental feedbacks 
with temperature and precipitation anomalies resulting primarily from subtle changes 
in westerly airflow (Lorrey et al., 2014). This circulation pattern serves as the primary 
pathway by which changes in surrounding ocean waters are translated to land (Lorrey 
et al., 2014).  This makes New Zealand an ideal laboratory for exploring variability in 
Southern Hemisphere atmospheric circulation and its drivers.  
Fig. 2: The westerly winds are a dominant feature of Southern Hemisphere circulation. A) 
Mean austral spring and summer (September-February) and B) mean austral autumn and 
winter zonal wind (u-wind) over the reanalysis period of 1979-2014. Small latitudinal shifts in 
the westerly wind belt influence airflow over the South Island, including the Ohau catchment 
(Ummenhofer et al., 2009).  At Lake Ohau, precipitation can vary by ~59% between summer 
and winter, in part, as a result of the position and intensity of the westerly wind belt. Data 
sourced from NOAA/ESRL Physical Sciences Division NCEP/NCAR Reanalysis datasets; 
http://www.esrl.noaa.gov/psd/. 
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   The strength and position of the SH westerlies winds are linked to polar, 
tropical and subtropical modes of climate (Folland et al., 2002; Ummenhofer et al., 
2009; Knudson et al., 2011). The main islands of New Zealand span a latitudinal range 
from 34°S to 47°S and has a climate influenced by circulation systems operating from 
the tropics to Antarctica. Observations show three of the most important synoptic 
climate features that influence this airflow across New Zealand on seasonal, inter-
annual and decadal timescales include the Southern Annular Mode (SAM; also known 
as the Antarctic Oscillation (AAO)), El Niño-Southern Oscillation (ENSO), and the 
Interdecadal Pacific Oscillation (IPO; e.g. McKerchar and Henderson, 2003; 
Ummenhofer and England, 2007).  
SAM is a leading mode of variability in the mid-latitudes, and accounts for 
47% of the natural variability in SH zonal mean geopotential height (from 1000-50 
hPa; Thompson and Wallace, 2000). Lake Ohau is potentially well situated to preserve 
fluctuations in the SAM, which has a zonal pressure anomaly centered at 45°S (Figs. 2 
and 3; Thompson and Wallace, 2000; Kidston et al., 2009). The SAM index is defined 
as the difference in mean sea level pressure (MSLP) between 40°S and 65°S. The 
SAM is associated with seasonal and interannual variability in precipitation across 
New Zealand (Clare et al., 2002; Renwick and Thompson, 2006; Ummenhofer and 
England, 2007; Ummenhofer et al., 2009).  
Positive phase SAM, characterized by below average atmospheric pressure 
over Antarctica and above average pressure over the mid-latitudes, results in a 
southward shift of the core of the sub-polar westerly flow and a decrease in 
precipitation over the South Island (Thompson and Solomon 2002; Renwick, 2004; 
Ummenhofer and England, 2007). The inverse occurs during negative phase SAM. 
Over the past thirty years there has been a trend towards a persistent positive phase 
SAM (Marshall, 2003; Renwick, 2004), which is associated with a 20-50% reduction 
in summer (December-February) precipitation (Ummenhofer and England, 2007), and 
increased maximum daily temperature anomalies (Renwick and Thompson, 2006) 
across the western South Island.  
The El Niño-Southern Oscillation (ENSO) is another synoptic climate mode 
controlling precipitation patterns and surface air temperatures across New Zealand 
(Folland and Salinger 1995; Ummenhofer and England, 2007; Ummenhofer et al., 
2009). ENSO is a coupled oceanic-atmospheric climate mode that oscillates in two to 
ten year cycles and is measured by the Southern Oscillation Index (SOI). The SOI is 
5
	  the difference in MSLP anomalies between Tahiti and Darwin, Australia. In Chapter 4, 
the Niño 3.4 region sea surface temperature (SST) is discussed. This region spans 5°N-
5°S and 170°W-120°W and SST anomalies from this region are typically used to 
describe the state of ENSO (positive anomaly = El Niño, negative anomaly = La Niña). 
In New Zealand, La Niña events increase the frequency of northerly to northeasterly 
winds, creating drier conditions in the south and southwest of the South Island (Mullan, 
1995). During El Niño conditions, westerly to southwesterly airflow increases, 
creating wet conditions on the west coast of the South Island, and drought conditions 
on the leeward site of the Southern Alps.  
The IPO is a ‘quasi-symmetric Pacific-wide manifestation of the Pacific 
Decadal Oscillation’ (Folland et al., 2002) and is defined by the 3rd Orthogonal 
Function of 13-year low-pass filtered global sea surface temperature (SST; Folland et 
al., 1999, 2002; Power et al., 1999). The IPO is linked to ENSO on decadal time scales. 
Over the 20th century, phase shifts have occurred in 1944 (shift to negative phase), in 
1977/78 (shift to positive phase) and again in 1999 (McKerchar et al., 1996; Salinger 
et al., 2001; McKerchar and Henderson, 2003). Phase shifts influence the frequency 
and intensity of El Niño (increased during positive phase) and La Niña events 
(increased during negative phase; McKerchar and Henderson, 2003). Discharge 
records from the South Island increased by up to 14% following the 1978 IPO phase 
shift (McKerchar and Henderson, 2003). Further, precipitation in the Southern Alps 
region increased by 8% following the shift to a positive IPO in 1978 (Salinger et al., 
2001). However, relative to ENSO and SAM, the IPO has a less pronounced influence 
on New Zealand’s surface climate particularly on annual to sub-decadal timescales 
(e.g. Renwick, 2011).  
Overall, the interplay between synoptic climate modes such as SAM, ENSO, 
and the IPO and their relative influences on New Zealand’s climate are complex.  
While recent changes in extra-tropical atmospheric circulation are well-documented in 
the contemporary climate system (Fyfe, 2003; Renwick, 2004; Cai et al., 2006), our 
understanding of these systems is limited by the relatively short instrumental record 
and the additional influence of anthropogenic-driven changes such as ozone depletion 
and greenhouse gases emissions, which has a documented impact on circumpolar flow 
and synoptic climate patterns (e.g. Thompson and Solomon, 2002; Thompson et al., 
2011). Highly resolved paleoclimate records like the Lake Ohau varved sediment 
sequence offer means to place presently observed changes in context within the range 
6
	  of natural variability.  
 
1.2.2 Geographic Setting 
 
Lake Ohau (44.234°S, 169.854°E; Fig. 3) is a large glacial lake situated in a 
north-south trending catchment located to the east and in the lee of the Southern Alps. 
This makes the region characteristically dry and sensitive to fluctuations in the 
westerly wind flow impinging on the Alps, which in turn influences the amount of 
orographic precipitation that ‘spills’ over the mountains into the Lake Ohau catchment 
(Fig. 3; Chater and Sturman, 1998). Although the lake sits in the dry intermontane 
Mackenzie Basin (Garr and Fitsharris, 1991), the headwaters of Lake Ohau 
experiences overspill of precipitation from the wet West Coast, creating a significant 
gradient of decreasing rain from the mountains to the lake basin (Fig. 3; Table 1; 
Sinclair et al., 1997; Chater and Sturman, 1998; Roop et al., 2015 (Chapter 2)). Lake 
Ohau is considered part of the western South Island climate district (Kidson, 2000). 
 
Table 1 Lake Ohau basin characteristics and seasonal mean climate conditions. Data 
summarized from Roop et al. (2015) and references therein. 
Discharge is controlled by seasonal meltwater (21% of total annual inflow 
(Kerr, 2013); September-November; Table 1) and summer (December-February) 
rainfall. Air temperature, lake inflow and precipitation vary seasonally in the 
catchment (Fig. 4; Table 1; Roop et al., 2015 (Chapter 2)). Long-term average 
headwater precipitation (measured at Elcho Flats; 1994 to 2013) indicates an average 
20% (up to 50%) seasonal decrease in precipitation from summer to winter (Roop et 
Lake Ohau Basin Characteristics 
                                      Summer/Winter* 
Latitude, Longitude 44.234°S 
169.854°E 
Air Temperature (°C) 14.3 / 6.2 
Catchment Area 1135 km2 Headwater Precipitation (mm) 2837 / 1537 
Lake Area 54 km2 Precipitation at Lake (mm) 625 / 444 
Maximum Depth 129 m Inflow (m3/s) 105 / 61 
Glacier Cover in catchment 1.7% Surface Water Temperature (°C)# 11.1 / 8.0 
Average Mean Accumulation 
(mm/year)^ 
5.4 Bottom Water Temperature (°C)# 10.4 / 7.9 
* Summer is defined as September-February; winter is defined as March-August (as in Chapter 2). 
^ Mean accumulation over the instrumental record (1926-2010). 
# Water temperature as measured at the lake outflow 
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  al., 2015 (Chapter 2)).  Monthly total inflow at Lake Ohau correlates with total annual 
South Island precipitation (r = 0.74, p = 0.0001; Roop et al., accepted (Chapter 3)), 
which is controlled by the position and strength of westerly winds (Garreaud, 2007). 
The Lake Ohau region is, therefore, ideally located to investigate and reconstruct SH 
mid-latitude environmental response to regional and global climate variability (Chinn, 
1999, Anderson and Mackintosh, 2006; Vandergoes et al., 2008). 
 
Fig. 3: A) Lake Ohau is the southernmost of three large glacial lakes in the Mackenzie Basin, 
South Island, New Zealand. Sediment cores collected from the lake outflow preserve fine, 
millimeter scale laminations. B) Elevation transect from the wet West Coast to the head of the 
Ohau catchment, demonstrating that westerly airflow results in significant overspill of 
orographic precipitation into the headwaters of the catchment. The southeast of the catchment 
experiences drier intermontane conditions. Changes in the position and intensity of the 
westerly jet influence this precipitation pattern, making the Ohau catchment potentially 
sensitive to the changes in the westerly winds. Precipitation values listed in mm/year are 
averaged over 1979-2014 (where available) and include data from east to west (locations not 
shown) from: Okarito (43.22°S, 170.16°E), Elcho Flats (43.92°S, 169.83°E) and Lake Tekapo 
(44.04°S, 170.38°E). Okarito and Lake Tekapo data were downloaded from 
http://cliflo.niwa.co.nz/; Elcho Flats data were provided by Meridian Energy Ltd.; 1900 mm is 
representative of lake outflow conditions. 
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Fig. 4: Mean monthly lake inflow, headwater (Elcho Flats) precipitation and air 
temperature in the Lake Ohau catchment (1994-2012; data provided by Meridian 
Energy). These data highlight the average seasonality, particularly in lake inflow and 
air temperature, in the Lake Ohau catchment.  
 
1.3 VARVES AS CLIMATE PROXIES 
 
1.3.1 Varve Formation and Characteristics 
 
With a potentially sensitive climatic setting, the Lake Ohau sediment record can 
provide a new perspective on past variability in circulation around the mid-latitudes. 
This is particularly true with a seasonally-resolved proxies including varve sequences. 
De Geer first used the term varve in 1912 as a way to describe annual cycles preserved 
in marine and lacustrine sediment sequences collected in Northern Europe (de Geer, 
1912). These cyclic clay/silt couplets were observed in glaciated catchments across 
northern Europe and North America and were interpreted to represent the differing 
depositional environments between winter sedimentation, dominated by settling of 
fine clay particles, and coarser silts deposited during spring and summer when 
meltwater fluxes increase (de Geer, 1912; 1921).  
Varves can provide high-resolution, annually resolved paleoclimate archives 
that extend beyond observational records, making them important paleoenvironmental 
tools (Zolitschka and Pike, 2014). Varves are rhythmically deposited couplets that 
9
	  reflect climatic, hydrological, biological or geochemical cycles in lake and marine 
environments (de Geer, 1921; Bradley, 1999; Hodder et al., 2007; Zolitschka, 2013).  
Fig. 5: Thin-section image of varved sediments preserved in the distal basin of Lake Ohau. 
Complex varves are couplets containing one or more ≤ 2 mm-thick fine silt sublaminae. Thick 
(≥ 8.0 mm) laminae are interpreted as high-magnitude inflow events. Figure modified from 
Roop et al. (2015). 
 
 
Varves can be clastic, biogenic or evaporitic in nature and are used to 
reconstruct changes in climate on several spatial and temporal scales and in various 
places around the world from the high- to mid-latitudes (e.g. Lamoureux and Gilbert, 
2004; Ojala and Tiljander, 2004; Cockburn and Lamoureux, 2007; Kienel et al., 2009; 
Ojala et al., 2012; Zolitschka, 2013). 
The Lake Ohau sediments contain clastic laminae, with the sedimentary matrix 
dominated by minerogenic particles derived from fluvial input (Fig. 5). However, the 
annual nature of laminated sediments cannot be taken for granted; event deposits 
resulting from turbidity flows can create similar layering (Middleton, 1993), as well as 
other cyclic processes including tides and currents (Cowan and Powell, 1990). To 
accurately interpret varve sequences, the spatial and temporal variability of climate 
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  systems, the local features of climate (e.g. temperature, precipitation), and other 
factors that influence sedimentation (glaciers, vegetation, lithology, basin morphology, 
etc.) must be considered (Fig. 6; Bradley, 1999; Hodder et al., 2007).  
Geologic processes such as earthquakes and slope failure can, in geologic time, 
instantly alter a basin’s sediment availability. The climate system itself operates on 
various temporal and spatial scales and can be complicated in mountainous terrain by 
microclimates, which can be poorly resolved in modeled data and are generally 
underrepresented in meteorological time-series (Hannah et al., 2000). Additionally, 
complex hydrologic systems can influence sediment transport and internal lake 
dynamics, which can attenuate the dispersal and accumulation patterns of sediments 
once they enter the lacustrine system (Desloges and Gilbert, 1994, Hodder et al., 
2007). The schematic in Figure 6 highlights some of the geological and climatological 
processes that may influence the deposition of laminae in Lake Ohau.  
 
 
Fig. 6:  Several climatic (1), geomorphic (2), and lacustrine processes (3) operating on 
different temporal and spatial scales can influence the physical and geochemical character of 
varved sequences (4). A paleoclimate record ultimately aims to link climate (1) to sedimentary 
changes (4). This research is structured to better understand synoptic scale climate (1), local 
climate variability (2), and mechanisms of sediment transport and deposition (3) in order to 
generate a robust paleoclimate reconstruction for the Lake Ohau region.  
 
As outlined in Figure 6, process-network and hydrolimnological monitoring 
provide observations that yield important details about the contemporary interplay 
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  between synoptic climate (1), local climate and geomorphic processes (2), 
hydrolimnological changes (3) and the sedimentary record (4). This type of climate-
proxy work ultimately improves the paleoclimate interpretations derived from records 
such as the Lake Ohau varves. 
Determining the relationship between climate and sedimentation patterns 
requires a detailed comparison of the stratigraphy with instrumental climate records. 
The annual Lake Ohau hydrograph is the product of seasonal snowmelt and sporadic 
rain events throughout the annual cycle, which can result in the creation of complex 
laminae (Figs. 5 and 6). Meltwater accounts for 21% of the total annual inflow into 
Lake Ohau (Kerr et al., 2013) creating a notable increase in discharge in spring and 
early summer. Inflow remains elevated throughout the summer due to seasonally 
elevated rainfall. 
Therefore, utilizing varves as proxies requires an understanding of the nival 
pulse (spring melt) conditions, in addition to any year-round sediment-producing 
inflow events, as both have a pronounced impact on lacustrine thermal regimes and the 
subsequent dispersal and deposition of sediments (Østrem et al., 1967; Weirich, 1985). 
The timing and duration of inflow events, and the processes that occur as a result, can 
dramatically impact sediment thickness and stratigraphy, and thus, the climate-proxy 
relationship(s) preserved in laminated sequences.  
 
1.3.2 Limnological Controls on Sedimentation 
 
Sediment entering a lake from a point source such as a river is initially dispersed by 
under-, inter- and overflows throughout the lake in a manner determined by the 
relative densities of the inflow and lake water. Currents develop primarily due to 
differences in water temperature but also because of differences in suspended sediment 
load (Cohen, 2003). The timing and duration of these currents influences the 
distribution and pattern of deposition of sediment across lake basins (Pharo and 
Carmack, 1979; Braun et al., 2000; Lewis et al., 2002).  
As demonstrated by Lamoureux and Gilbert (2004), current patterns within a 
lake can control the thickness of varve sediments on the lake floor and can also affect 
lateral continuity of sediment sequences. Underflows, which are the most typical and 
sustained form of sediment movement in lacustrine environments, appear to be the 
most effective at creating easily distinguishable varves (Leemann and Niessen, 1994; 
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  Lewis et al., 2002; Sturm and Matter, 1978). Turbid under- or hyperpycnal-flows can 
travel long distances (10s of km) and typically transport coarser sediments relative to 
hypo- and homopycnal flows.  Interflows, or hypopycnal and homopycnal flows tend 
to move finer sediments over and through the entire lake (Ashley et al., 1985). Forces 
such as wind stress generally disturb overflows, which often carry minimal sediment 
loads relative to the other flow types (Ashley et al., 1985).  The density structure of 
lakes is further complicated by the interaction between the thermocline and lake 
inflow, which often show diurnal variability as the temperature of both lake and river 
water change throughout the day. These processes are further influenced by seiching 
and wind mixing (Carter and Lane, 1996; Cossu et al., in review). 
Although one or two flow types may occur more frequently throughout a given 
season, on a daily or weekly basis, several flow types and additional hydrodynamic 
processes can influence sediment distribution and deposition in lacustrine 
environments. Understanding these shifts in these flow conditions with long-term 
monitoring including sediment traps, turbidity meters, acoustic Doppler current 
profilers (ADCP), and water temperature loggers often helps to elucidate the dynamics 
between the lacustrine and fluvial environments that operate on different temporal 
(seasonal to diurnal) and spatial scales, thereby helping to better interpret changes in 
sedimentation throughout the lake (Retelle and Child, 1996; Cockburn and Lamoureux, 
2008; Cossu et al., in review). Paramount to developing the Lake Ohau record is 
documenting and generating a conceptual model that constrains the primary control(s) 
on sediment dispersal and deposition within this large, temperate lake.  
Process-network monitoring at Lake Ohau commenced in 2012, and includes 
automated weather stations, thermistor strings, nephelometers, Acoustic Doppler 
Current Profilers (ADCP), and sediment traps. This monitoring equipment is used to 
document the hydrodynamic and hydroclimatic controls on annual sediment deposition 
(Chapter 2). These data, paired with a relatively long instrumental record (1926-2011) 
of air temperature, precipitation, lake inflow and modeled hydrometeorological data, 
are used to develop a sound climate-proxy model, which provides a means by which 
sedimentary characteristics can be linked to hydrometeorological variability (Chapter 
3). Understanding these basin-wide processes provides the robust foundation required 
for interpreting down-core variability and for the development of a high-resolution 
record of paleoclimatic variability in the SH mid-latitudes (Chapter 4).  Figure 7 
outlines the overall structure of this thesis. 
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  Fig. 7: The general thesis structure based on the overarching research goal of generating a 
robust paleoclimate reconstruction from Lake Ohau.  
 
 
1.4 RESEARCH QUESTIONS AND THESIS OUTLINE 
 
1.4.1 Research Questions 
 
This thesis aims to improve our understanding of synoptic climate systems that 
determine precipitation and weather patterns in the SH mid-latitudes and how and why 
they have changed over the last ~1,350 years.  Using the laminated sediments 
collected at Lake Ohau we aim to address the following questions: 
 
(1) How does sedimentation in Lake Ohau vary temporally and spatially, and how 
do the dark and light laminations preserved in the sediment cores relate to 
seasonal changes in terrigenous sediment input? 
 
(2) Over the instrumental period, what are the primary hydrological and 
meteorological drivers impact on the amount and timing of sediment 
discharge into Lake Ohau? Can we develop a reliable climate-proxy model for 
interpreting down-core variability in the physical character of the lamination 
stratigraphy? 	  
(3) Can the controls on sediment deposition into Lake Ohau and the resultant 
sedimentary sequence be reliably utilized to reconstruct climate over the past 
1,350 years? If so, what climatic variations have occurred in the Lake Ohau 
catchment and, by extension, the South Island and Southern Hemisphere mid-
latitudes over the late-Holocene? 
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  1.4.2 Thesis Outline 
 
This thesis is structured to answer the above questions through three separate research 
papers that include:  
• Chapter 2: A modern catchment process study that demonstrates the 
hydroclimatic and hydrodynamic processes responsible for varve 
deposition in Lake Ohau. This chapter is published in the journal 
Sedimentology.  
 
• Chapter 3: The development of a climate-proxy model for the Ohau 
catchment, which quantifies the relationship between climate and 
sedimentation over the instrumental record. This chapter is accepted for 
publication in the Journal of Paleolimnology.  
 
• Chapter 4: The 1,350-year paleoclimate record developed from Lake Ohau. 
This chapter is in preparation for submission to Quaternary Science 
Reviews.  
 
Chapter 5 provides a summary of the research findings and discusses future work. The 
anticipated collection of a ~17 ka sediment sequence from Lake Ohau in early 2016 
provides additional scope for ongoing work. This research, therefore, provides a 
foundation onto which this larger project can build. 
 
A note to the reader: One product of a thesis written as individual research papers is 
content repetition. Please be aware that introductory materials including geographic 
location and project motivations will be repeated at the commencement of each 
chapter. All chapters have references formatted to the individual journal requirements. 
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Seasonal controls on sediment transport and deposition in Lake Ohau, South Island, 
New Zealand: Implications for a high-resolution Holocene palaeoclimate 
reconstruction 
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ABSTRACT 
 
Laminated sediments in Lake Ohau, Mackenzie Basin, New Zealand, offer a potential 
high-resolution climate record for the past 17 kyr. Such records are particularly 
important due to the relative paucity of detailed palaeoclimate data from the Southern 
Hemisphere mid-latitudes. This paper presents outcomes of a study of the 
sedimentation processes of this temperate lake setting. Hydrometeorological, 
limnological and sedimentological data were collected over a 14-month period 
between 2011 and 2013. These data indicate that seasonality in the 
hydrometeorological system in combination with internal lake dynamics drive a 
distinct seasonal pattern of sediment dispersal and deposition on a basin-wide scale. 
Sedimentary layers that accumulate proximal to the lake inflow at the northern end of 
the lake form in response to discrete inflow events throughout the year and display an 
event stratigraphy. In contrast, seasonal change in the lake system controls 
accumulation of light (winter) and dark (summer) laminations at the distal end of the 
lake, resulting in the preservation of varves. This study documents the key processes 
influencing sediment deposition throughout Lake Ohau and provides fundamental 
data for generating a high-resolution palaeoclimate record from this temperate lake. 
 
 
 
Keywords: Grain size, modern process, palaeoclimate, sediment deposition, varves 
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2.1 INTRODUCTION 
 
Annually laminated sediments from lakes offer high-resolution proxy climate records 
that often extend well beyond the relatively short modern instrumental record. These 
data are important because they provide a longer-term perspective on climate 
variability, prior to anthropogenic influence. While many varved lake records have 
been documented in the Northern Hemisphere, similar data from the Southern 
Hemisphere mid-latitudes exist (Ojala et al., 2012) but are less common. Lake 
systems in New Zealand can potentially reduce this Southern Hemisphere data gap. 
For example, previous high-resolution sediment cores recovered from lakes on the 
North Island (e.g. Page et al., 1994, 2010; Pepper et al., 2004; Augustinus et al., 2011) 
highlight the potential for terrestrial palaeoclimate archives from this key Southern 
Hemisphere location. Importantly, New Zealand is influenced by climatological 
patterns originating in both the tropics [El-Niño-Southern Oscillation (ENSO) and 
Interdecadal Pacific Oscillation (IPO)] and the Antarctic [Southern Annular Mode 
(SAM)].  In particular, the South Island of New Zealand shows decadal trends in 
rainfall recorded in its western regions that are highly correlated with the SAM 
(Ummenhofer et al., 2009). New palaeoclimate records in this region can provide 
insight into the variability in amplitude, timing and interdependence of these climate 
modes over time.  
Lake Ohau is located in the Mackenzie Basin, South Island, New Zealand 
(44.234° S, 169.854° E; Fig. 1) and is well-situated to record the effect of climate 
modes, such as the SAM, on sediment transport and deposition because the riverine 
input to this lake is derived from precipitation sourced close to the main divide of the 
Southern Alps, which is driven predominantly by storms associated with westerly 
airflow (Chater & Sturman, 1998; Salinger & Mullan, 1999). Geophysical data 
(Boomer and Chirp systems) indicate that the lake basin contains up to 140 m of 
sediments that have accumulated following retreat of glacial ice from the basin ca 17 
ka (Putnam et al., 2013). Several 5.5 m long Mackereth cores recovered from the top 
of this sedimentary sequence preserve millimetre-scale light and dark laminations. 
Similar laminated sediments have been recovered from nearby Lakes Tekapo and 
Pukaki (Fig. 1) and were interpreted as complex varves (Pickrill & Irwin, 1983) 
although the relation between seasonal climate, sedimentation processes and lake 
floor stratigraphy was not examined. Furthermore, problems with radiometric age 
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control have hindered attempts to confirm whether the observed layers represent 
varves (Graham et al., 2005; Mildenhall et al., 2006). A robust understanding of the 
processes that control sedimentation is required to determine whether the sedimentary 
couplets in Lake Ohau accumulate annually and represent true varves. 
 Transport and deposition of sediment in typical clastic varve environments is 
driven by pronounced seasonality in the hydrological regime (Zolitschka, 2007). Most 
process studies within these environments have been conducted in montane lakes in 
the Northern Hemisphere, where the primary drivers of seasonal sediment flux are 
spring snowmelt, glacier melt and summer precipitation events (e.g. Leemann & 
Niessen, 1994; Gilbert & Butler, 2004; Cockburn & Lamoureux, 2008a; Francus et 
al., 2008). In these systems, the flux of water and sediment is strongly controlled by 
this snowmelt and glacial-melt driven hydrology, and sediment dispersal and 
deposition is controlled by lake stratification (e.g. Weirich, 1986; Desloges & Gilbert, 
1994; Hardy et al., 1996; Cockburn & Lamoureux, 2008b). Relatively large amounts 
of sediment are discharged into the lake during the spring nival pulse, throughout the 
summer glacier-melt season and episodically during summer and autumnal rainfall 
events when the lake is stratified. During winter these lakes are typically ice covered 
and isothermal. Discharge is also reduced and the fine silt and clay particles input 
during the summer months settle through gravitation settling and flocculation in 
quiescent flow conditions to form a dark winter layer (Bradley, 1999; Hodder & 
Gilbert, 2007). This pattern of accumulation results in the typical coarse/fine clastic 
varve stratigraphy.  
In contrast to the snow- and glacial-melt driven system described above, 
sediment deposition within the temperate (mean winter air temperature of 6.2° C), and 
minimally glaciated (1.7%; Anderton, 1973) Lake Ohau watershed, is driven 
primarily by rainfall events that occur throughout the annual cycle. Minimal glacial 
meltwater and sediment flux, and year-round rainfall, suggest that the formation of 
the light and dark coloured couplets in Lake Ohau may be more similar to varves 
documented in other temperate, rainfall-dominated systems (e.g. Ross & Gilbert, 
1999). This study describes the contemporary hydrometeorological and limnological 
processes that influence Lake Ohau and is designed to constrain the relation between 
environmental variables and sediment dispersal and accumulation throughout the 
annual cycle. 
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Fig. 1: Overview of the Mackenzie Basin Lakes (detail) and the Lake Ohau study 
area including monitoring locations, core collection sites and automatic weather 
stations (AWS). Isobath interval is 10 m. Bathymetric data were provided by the 
National Institute of Water and Atmosphere (NIWA). 
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2.1.1 Physical Setting 
 
Lake Ohau is one of three north–south trending glacially-formed lakes in the 
intermontane Mackenzie Basin (Fig. 1A). The lake is 520 m above sea-level (asl), 
reaches a maximum depth of 129 m, is 18.5 km long, up to 4.9 km wide and has a 
surface area of 54 km2  (Fig. 1B; Irwin, 1975). The lake lies immediately to the east 
and in the rain shadow of the south-west/north-east trending Southern Alps mountain 
range that reaches a maximum elevation of 3754 m asl. The Lake Ohau catchment 
covers 1198 km2 and ranges in elevation from 520 to 2640 m asl. Catchment geology 
is predominately highly indurated quartzofeldspathic greywacke sandstone and 
argillite mudstone (Cox & Barrell, 2007).  
The lake occupies a moraine-bound glacial valley with a typical glacial U-
shaped cross-section. Beryllium surface-exposure ages on recessional moraines 
indicate that the main glacier last retreated from the Ohau Basin between 17 ka and 
17.4 ka (Putnam et al., 2013). Since then, the lake basin has been partially filled with 
sediment derived from the Hopkins and Dobson river catchments. Today, a steep 
delta front occurs at the head of the lake where the bathymetry deepens to ca 100 m 
and eventually reaches 129 m at the depocentre between 7 km and 10 km to the south. 
The lake floor then gradually rises up an eastward trending slope to its natural outlet 
ca 18 km from the delta (Fig. 1C).  
 Sediment and water flux into the lake is controlled primarily by discharge 
from the Hopkins and Dobson rivers, which converge as they flow into the lake. 
Combined, these rivers contribute ca 85% of the total annual discharge (Fig. 1; 
Woods et al., 2006) and drain a combined area of 924 km2. Small tributaries that drain 
directly into the lake, including Freehold Creek and Greta Stream (Fig. 1C), are 
additional sources of sediment and water to Lake Ohau but their catchment size and 
location further east of the main topographic divide makes their contribution of both 
sediment and water flux relatively small (< 5%; Woods et al., 2006).  
Discharge into Lake Ohau is derived directly from rainfall and spring 
meltwater, which contributes 21% of mean annual river discharge, into Lake Ohau 
(Kerr, 2013). Glacier melt is a minor contributor during summer. Regionally, average 
rainfall in January is 58% higher than in July. The uppermost Hopkins and Dobson 
valleys contain small modern glaciers, which occupy ca 20.7 km2 and 0.71 km2, 
respectively, covering about 1.7% of the total catchment area (Fig. 1B; Anderton, 
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1973). This small volume of glacial ice is considered to have remained stable over the 
last several thousand years based on recent glaciological investigations in the valley 
(Doughty et al 2013; Putnam et al 2013) and is assumed to play a minor role in 
sediment generation and flux in the contemporary lacustrine environment (Roop et al 
2015). Discharge into Lake Ohau shows distinct seasonality, with a marked increase 
in discharge during spring (October to November) and generally lower flow in winter 
(Fig. 2A; Table 2).	  
 
2.2 MATERIALS AND METHODS 
 
A suite of limnological and hydrometeorological monitoring equipment was deployed 
from March 2012 to May 2013, with the exception of a sediment trap at the lake 
outflow, which was deployed over the period August 2011 to May 2013. All times 
and dates are reported in Greenwich Mean Time (GMT).  
 
2.2.1 Limnological Monitoring  
 
Lake monitoring stations were established in two areas of the lake (Fig. 1C), one 
proximal to the major lake inflow (44.192°S, 169.861°E; 50 m water depth), 
hereinafter termed ‘Inflow’ and one near the outflow (44.286°S, 169.916°E; 68 m 
water depth), termed ‘Outflow’. Deployment details are summarized in Table 1.  
 
2.2.2 Water Temperature 
 
Lake water temperature was measured using Onset HOBO Water Temperature Pro v2 
dataloggers (nominal precision ±0.2°C; Onset Computer Corporation, Bourne, MA, 
USA). Temperature data were collected at 5 min intervals at both the Inflow and 
Outflow (Table 1). Outflow bottom water temperature data were collected every 10 
min using thermistors integrated into the Miniature Autonomous Plume Recorder 
(MAPR; resolution 0.2°C, see Turbidity section below) provided by the U.S. National 
Oceanic and Atmospheric Administration’s (NOAA) Pacific Marine Environmental 
Laboratory.  
 
2.2.3 Turbidity  
 
Bottom water turbidity was measured every 10 min using MAPRs (Table 1). These 
high-sensitivity nephelometers use optical backscatter to measure turbidity to a 
maximum of approximately five Nephelometer Turbidity Units (NTU). Each 
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instrument has a unique calibration factor resulting in values that register slightly 
below a maximum of 5 NTU (4.795 NTU at the Inflow and 4.775 NTU at the 
Outflow). Instrument saturation is reached at these values. Two optical backscatter 
sensors (OBS) made by James Cook University recorded surface turbidity (15 m 
depth) at 10 min intervals. These instruments have a horizontally aligned sensor that 
measures total suspended sediment concentration (Thomas & Ridd, 2004). 
Deployment locations and depths are listed in Table 1. 
                
Fig. 2: Meteorological and hydrological conditions at Lake Ohau from March 2012 to May 
2013: (A) Mean daily inflow into Lake Ohau; (B) Killin Barn automatic weather station 
(AWS) mean daily air temperature; (C) Elcho and Killin Barn AWS total daily precipitation; 
(D) Killin Barn AWS 10 min interval wind speed; and (E) wind direction and speed for wind 
speeds ≥8.0 m s-1. Shading indicates period defined as winter. 
 
 
2.2.4 Sediment Traps 
 
Four 10.8 cm diameter sediment traps, based on the design of Cockburn & 
Lamoureux (2008b), were deployed at the Inflow and Outflow sites from June 2012 
to May 2013. These traps were attached to the same mooring as the OBS sensors 
(Table 1). In addition, a 46 cm diameter fibreglass sediment trap mooring was 
deployed at the Outflow (e.g. MacPherson, 1985; Macpherson, 1986; Table 1). The 
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top of this trap sits ca 1 m above the lake floor. Sediment traps were recovered and 
exchanged every three to four months (Table 1). 
 
Table 1 Limnological monitoring equipment deployment locations, depths, and duration. 
INFLOW  
Site depth: 50 m 
Measurement 
(Equipment) 
 
 
Location 
(Latitude/ 
Longitude) 
 
Deployment 
Depth (m) 
 
Deployment periods/Collection Date 
 
Water Temperature  
 
44.192°S, 
169.861°E 
 
2, 15, 30, 48  
 
August 2011-March 2012, March-June 
2012, June-October 2012, October 2012-
February, 2013, February-May 2013 
Turbidity (MAPR) 
 
44.309°S, 
170.053°E 
 
47 
 
March-June 2012, June-October 2012, 
October 2012-February, 2013, February-
May 2013 
Turbidity 
 (JCU OBS) 
 
44.309°S, 
170.053°E  
 
15 
 
March-June 2012, June-October 2012, 
October 2012-February, 2013, February-
May 2013 
Sediment Traps 
(10.8 cm diameter) 
 
 
 44.309°S, 
170.053°E 
 
5, 16, 31, 47 
 
June-October 2012, October 2012-
February, 2013, February-May 2013 
 
 
Core GCI_1 
(0.3 m) 
 
44.284°S, 
169.913°E 
 
50 
 
April 2012 
 
 
OUTFLOW 
Site depth: 68 m  
Water Temperature  
 
  
44.517°S, 
170.040°E 
 
  6, 23, 53, 67 
 
March-June 2012, June-October 2012, 
October 2012-February, 2013, February-
May 2013 
 
Turbidity (MAPR) 
 
 
44.517°S, 
170.040°E 
  
66 
 
March-June 2012, June-October 2012, 
October 2012-February, 2013, February 
May 2013 
 
Turbidity 
 (JCU OBS) 
 
44.517°S, 
170.040°E 
  
15 
 
March-June 2012, June-October 2012, 
October 2012-February, 2013, February-
May 2013 
Sediment Traps 
(10.8 cm diameter) 
 
 
44.517°S, 
170.040°E 
  
5, 22, 52, 65 
 
June-October 2012, October 2012-
February, 2013, February-May 2013 
 
Sediment Trap 
(46 cm diameter) 
 
 
 
44.286°S, 
169.916°E 
 
 
67 
 
 
August 2011-March 2012, March-June 
2012, June-October 2012, October 2012-
February, 2013, February-May 2013 
 
Core 6m1b 
(5 m) 
 
44.284°S, 
169.915°E 
 
68 
 
October 2012 
 
 
Core GCS_1 
(0.3 m) 
 
44.284°S, 
169.913°E 
 
68 
 
May 2013 
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Sediment thicknesses measured in each trap were converted to a lake bottom 
equivalent accumulation rate (mm month-1) by correcting recorded linear 
sedimentation for collector area using the following relation: 
 
 
Accumulation rate (mm month-1) = 𝑋 = (!!)/  (!"!")    (1) 
 
where: Ar  is the cross-sectional area of the	  receiver (cm2 ); Ai  is the area of the trap 
mouth	   (cm2 ); S is the thickness of accumulation in the	   receiver (mm); and C is the 
collection period	  (months). 
This conversion enables a direct comparison between traps with different 
collector diameters and with accumulation measured in the sediment cores over the 
same period. All monthly lake floor accumulation rates were multiplied by the 
number of months over which the sediment trap was deployed to calculate a total 
accumulation rate for each deployment period. Subsamples from the sediment traps 
were analyzed for particle size distribution. All samples were soaked in 27% H2O2 for 
24 hours to remove the organic component (3.2% based on Loss on Ignition (LOI); n 
= 20). Samples were rinsed with distilled water, treated with sodium 
hexametaphosphate (Calgon) to disperse sediment particles, sonicated for 30 min, and 
then continuously sonicated during analysis on a Beckman Coulter LS 13 320 laser 
diffraction particle size analyzer (Beckman Coulter, Inc., Brea, CA, USA). Replicates 
and blanks accounted for 10% of the samples run. Data were processed using 
Gradistat software (Blott & Pye, 2001). 
 
2.2.5 Sediment Cores 
 
A gravity corer was used to collect short (ca 0.3 m) sediment cores near the Inflow 
and Outflow sites (Table 1). Downward velocity of the corer was limited to ca 0.2 m 
s-1 using a boat-mounted winch to preserve the sediment–water interface. An Outflow 
core (GCS_1) was collected in May 2013. Several short (1 to 3 m) and long (5.5 m; 
OH6m1 and OH6m1b) sediment cores were collected near the Outflow using a 
Mackereth coring system in October 2012 (Fig. 1; Table 1; Mackereth, 1958). Line 
scan images of these cores were collected using a Geotek multi-sensor core logger 
(Geotek Limited, Northamptonshire, UK) at the University of Otago. Short gravity 
cores were split and photographed using a Lumix 10.1 Megapixel DMC LX5 camera 
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(Panasonic, Osaka, Japan). Thin-sections of a 5.5 m core (OH6m1) were produced 
following Lamoureux (1994) and scanned on a flatbed scanner at 2400 dpi. 
 
2.3 RESULTS 
 
2.3.1 Hydrometeorology 
 
Limnological and meteorological data collected through the study period are 
summarized in Figs 2 and 3. In this paper ‘winter’ is defined as the six-month period 
from 1 March to 31 August and ‘summer’ is the period from 1 September to 28 
February. 
Average Killin Barn air temperature records show large seasonal and diurnal 
variability, consistent with the intermontane setting (Table 2; Fig. 2B). Highest wind 
speeds occur during the day in summer (Fig. 2D). Strong wind events (> 8.0 m s-1, the 
top 1% of measured wind speeds) consistently originate from the north/north-east, as 
down-valley ‘foehn’ winds (Fig. 2E). Based on the lake fetch and wind speeds of ca 
8.0 m s-1, wind-driven turbulence will only directly affect the top of the water column 
above the thermocline (Appendix A). As a result, wind mixing may prevent settling of 
sediment from the surface waters, but is predicted not to cause resuspension of bottom 
sediments throughout a majority of the lake. 
Precipitation data from Elcho Flats and Killin Barn (Fig. 2C) show a strong 
correspondence in timing, but highlight a pronounced north–south gradient in 
precipitation, away from the headwaters of the Ohau catchment. This gradient is 
thought to be a result of the westerly wind flow that impinges on the Southern Alps, 
causing orographic precipitation to the west of the main divide. Some ‘spill over’ 
precipitation associated with this process falls in the Mackenzie Basin to the east (e.g. 
Sinclair et al., 1997; Chater & Sturman, 1998; Kerr et al., 2011). Specifically, a 76% 
decrease in precipitation occurs across the 37 km between the stations over the 
monitoring period (Table 2C). Furthermore, there is a decrease in precipitation from 
summer to winter at each site (46% at Elcho Flats and 29% at Killin Barn). This 
seasonal drop is higher than the long-term average measured at Elcho Hut (1994 to 
present), which indicates an average 20% seasonal decrease in precipitation from 
summer to winter.  
Average river discharge was 61 m s-1 (Table 2) during winter 2012 with 
several precipitation-driven discharge events ranging from 180 to 315 m3 s-1  (Fig. 2). 
34
	  	  
Average discharge increased to 105 m3 s-1 in summer with peak discharge events in 
January. This pattern is similar to the long-term seasonal trend in the hydrological 
record from 1926 to present, where annual flow peaks in December or January. 
However, two anomalously large discharge events, or floods, of 1005 m3 s-1 and 960 
m3 s-1 occurred on 4 and 10 January 2013, respectively (Fig. 2A). Similar large 
magnitude events have only occurred eight other times in the last 87 years. 
 
Table 2 Seasonal means of the hydrometeorological conditions measured in the Lake Ohau 
catchment from March 2012 to May 2013.   
Variable Winter (MAMJJA) 
Summer 
(SONDJF) 
Air Temperature 6.2°C 14.3°C 
Elcho Flat Precipitation 1537.0 mm 2836.5 mm 
Killin Precipitation 443.6 mm 624.4 mm 
Wind Speed 1.79 m s-1 3.00 m s-1 
Wind Direction 336° 354° 
Inflow 61 m3 s-1  105 m3 s-1 
 
 
 
Fig. 3. Limnological conditions at the Inflow and Outflow from March 2012 to May 2013: 
(A) Inflow weekly mean water temperature; (B) Outflow weekly mean water temperature; (C) 
Inflow surface and bottom turbidity (10 min interval); (D) Outflow surface and bottom 
turbidity; (E) and (F) Lake Ohau mean daily inflow. Temperature data were smoothed to 
provide clarity. Shading indicates the period defined as winter. Black boxes indicate the 
periods highlighted in Figs. 4 to 6. 
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2.3.2 Physical Limnology 
 
Lake Ohau is isothermal from May through to September, with a minimum water 
column temperature of ca 8.0°C (Fig. 3A and B). Temperature variability throughout 
winter is generally within the range of the sensor resolution (0.2°C) with occasional 
ca 0.5°C excursions evident in Inflow bottom water temperature (Fig. 4A). 
Intermediate and surface water temperatures at both sites remained relatively constant 
throughout the winter (Fig. 4A and B). Based on analysis of two of the winter events, 
the offset in time between the initial intrusion of cold bottom water at the Inflow and 
its arrival at the Outflow indicates that plumes can travel 13 km in approximately 24 
hours (Fig. 4). During summer the lake is thermally stratified, with a thermocline 
developing around ca 20 m, although overturning occurs on several occasions (Fig. 
5A and B; Table 3; Appendix A). Both sites record large fluctuations of up to 5°C 
throughout the water column, although the magnitude of these fluctuations is greatest 
at mid-depths at the Outflow (Fig. 5B).  
 
Fig. 4: Inset of background limnological and hydrological at the Inflow and Outflow during 
winter and winter event flow conditions throughout Lake Ohau: (A) Inflow 10 min water 
temperature; (B) Outflow 10 min water temperature; (C) Inflow surface and bottom turbidity; 
(D) Outflow surface and bottom turbidity (10 min interval); (E) and (F) Lake Ohau mean 
daily inflow. 
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The largest magnitude decrease (up to 3.5°C) occurs at middle and intermediate 
depths at the Outflow (Fig. 6). Water temperatures remain depressed, despite 
increases in air temperature, for approximately three weeks after the second event (10 
January 2013) before returning to average summer values throughout the water 
column. During these large inflows, diurnal fluctuations in surface water temperature 
persist throughout the water column at both sites (Fig. 6A and B). However, 
immediately following each discharge event, large magnitude (ca 3.5°C) temperature 
variations are recorded at surface depths at the Inflow and mid-water depths at the 
Outflow, a feature that is not observed elsewhere in the record (Fig. 6A and B). 
 
 
Fig. 5: Inset of background limnological and hydrological summer conditions at the Inflow 
and Outflow: (A) Inflow 10 min water temperature; (B) Outflow 10 min water temperature; 
(C) Inflow surface and bottom turbidity (10 min interval); (D) Outflow surface and bottom 
turbidity; (E, F) Lake Ohau mean daily inflow. 
 
 
Turbidity  
 
Measurements from optical backscatter (OBS) instruments deployed in this study 
indicate that both surface and bottom water turbidity is higher in the summer than in 
winter (Fig. 3B and C). During winter, bottom water turbidity across the depth profile 
is less than 4 NTU throughout the lake, with background levels around 1 NTU (Fig. 
4B and C; Table 3). Following discharge events, bottom water turbidity at both sites 
exceeds 5 NTU (sensor maximum). These increases in turbidity are inversely 
correlated with bottom water temperature. Two weeks after these winter discharge 
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events, bottom water turbidity at the Inflow site returns to background (1-2 NTU). 
Inflow surface water turbidity increases to ca 6 NTU coincidental with peak 
discharge, followed by persistently elevated turbidity that does not return to 
background (ca 1 NTU) before the next increase in discharge 19 days later (Fig. 4D 
and F). Bottom water turbidity at the Outflow remains elevated above background 
during the three-week period between discharge events (Fig. 4D and F), while 
Outflow surface water turbidity shows no strong response to these winter flood events 
(Fig. 4D). 
Summer is characterized by high bottom and surface turbidity (> 4 NTU, up to 
90 NTU at the surface) throughout the lake (Fig. 3C and D). Bottom water turbidity 
consistently exceeds the maximum limit of the MAPRs (5 NTU) at both sites, with 
sensor saturation persisting throughout the entire summer period. Inflow surface water 
turbidity ranges from 5 to 90 NTU. High readings coincide with peak discharge and 
maximum values occur during flood events (Fig. 3C and E). Decreases in Inflow 
water temperature throughout the water column correspond well with increases in 
turbidity (Figs 5 and 6). At the Outflow, episodes of high turbidity coincide with 
decreases in temperature, which are limited to the intermediate and surface portions of 
the water column (Fig. 5A and B). 
Fig. 6: Inset of background limnological and hydrological at the Inflow and Outflow during 
summer event flow conditions on 4 and 10 January 2013: (A) Inflow 10 min water 
temperature; (B) Outflow 10 min water temperature; (C) Inflow surface and bottom turbidity 
(10 min interval); (D) Outflow surface and bottom turbidity; (E) and (F) Lake Ohau mean 
daily inflow. 
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During summer, there is a 90% decrease in turbidity between the Inflow and 
Outflow (Fig. 5). Following the anomalous January increases in discharge, surface 
turbidity remains persistently high into mid-February, well after flows return to 
seasonal background (Fig. 6C and D). No Inflow bottom turbidity data are available 
until after the summer flood period due to equipment malfunction. The post-event 
data indicate bottom water saturation (> 5 NTU) at the Inflow. Similarly, Outflow 
turbidity data are not available until 5 February 2013, at which point turbidity is 
elevated in the surface and bottom waters (Fig. 6D). Observations made during a site 
visit on 5 February 2013 qualitatively confirmed turbid surface water conditions 
across the lake. Further, when the monitoring equipment was repaired in late 
February, turbidity was high with a slow decline to low turbidity (1 to 2 NTU) values 
in early March (Fig. 3D). 
 
Table 3 Seasonal means of limnological and sedimentological date collected from March 
2013 to May 2013. Accumulation and grain size data are derived from the sediment traps. 
Winter events are Q = > 180 m3 s-1; summer flood events are Q = > 900 m3 s-1. 
INFLOW Winter  Winter Event Summer 
Summer 
Event 
 
Mean Surface Water Temp 
 
 
8.3°C 
 
 
8.3°C 
 
 
11.6°C 
 
 
12.5°C 
 
Mean Bottom Water Temp 
 
7.9°C 
 
7.6°C 
 
10.6°C 
 
12.2°C 
 
Mean Surface Turbidity 
 
3 NTU 
 
8.0 NTU 
 
8.4 NTU 
 
31.9 NTU 
 
Mean Bottom Turbidity 
 
1.2 NTU 
 
>5 NTU 
 
>5 NTU 
 
n/a 
 
Total Bottom Accumulation 
(l.b.e.) 
 
74 mm 
 
n/a 
 
107.9 mm 
 
102.0 mm 
 
Primary Modal Grain Size 
 
6.5 µm 
 
45.8 µm 
 
16.4 µm 
 
41.7 µm 
 
OUTFLOW Winter  Winter Event Summer 
Summer 
Event 
 
Surface Water Temp 
 
 
8.0°C 
 
 
7.8°C 
 
 
11.1 °C 
 
 
12.4°C 
 
Bottom Water Temp 
 
7.9°C 
 
7.4°C 
 
10.4 °C 
 
10.5°C 
 
Surface Turbidity 
 
1.2 NTU 
 
n/a 
 
n/a 
 
n/a 
 
Bottom Turbidity 
 
1.8 NTU 
 
>5 NTU 
 
>5 NTU 
 
n/a 
 
Bottom Accumulation (l.b.e) 
 
1.57 mm 
 
n/a 
 
9.8 mm 
  
4.8 mm 
 
Primary Modal Grain Size 
 
5.9 µm 
 
6.5 µm 
 
9.6 µm 
 
10.2 µm 
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2.3.3 Sedimentation 
 
Bulk sediment accumulation 
 
Total bulk seasonal sediment accumulation, recorded at four different levels in the 
water column at the Inflow and Outflow sites, is summarized in Fig. 7. Accumulation 
at both sites is predominately allochthonous in nature, with only a small contribution 
of autochthonous material. Diatoms are present in the bulk sediment matrix but never 
in high enough proportions to form distinctive biogenic laminae. Total annual 
accumulation in the bottom traps is five times greater at the Inflow than at the 
Outflow. There is also a large seasonal difference in the accumulation pattern at the 
two monitoring sites: bottom trap sediment accumulation at the Inflow was 20 times 
greater than at the Outflow in winter and 10 times greater during summer (Fig. 7). 
Sediment accumulation decreases from summer to winter by 44% and 90% at the 
Inflow and Outflow, respectively. At both sites, sediment accumulation increases with 
water depth, particularly in winter. In contrast, summer Inflow accumulation is 
similar in the bottom two traps, representing the bottom 31 m of the water column 
(Fig. 7).  
                         
Fig. 7: Total seasonal lake bottom accumulation at the (A) Inflow and (B) Outflow. 
Accumulation at both sites increases in the summer. During winter, accumulation is 
proportional to water depth at both sites, while the summer is characterized by greater 
similarity in the bottom two traps at the Inflow, a result of changes in the sediment flux and 
dominant dispersal mechanisms. 
 
40
	  	  
Grain size and stratigraphy 
 
A stratigraphic compilation of sediments captured in traps located near the lake floor 
at the Inflow and Outflow sites is presented in Fig. 8. Particle size is reported as the 
modal value, unless otherwise stated. Massive light and dark grey layers characterize 
winter stratigraphy at the Inflow (Fig. 8A). Dark grey winter layers are poorly sorted 
bimodal coarse silt (46 µm) and fine sand (86 µm), and light grey layers are fine silt 
(7 µm). Inflow winter surface sediment is fine silt (6 µm). Summer sedimentation at 
the Inflow includes two massive dark grey layers of poorly sorted medium silt (20 
µm) to very fine sand (40 µm). A second coarse layer is preserved in all four traps, 
but is significantly coarser in the intermediate trap (169 µm) compared to 35 to 67 µm 
in the other traps. Subsequent particle size, representing post-event accumulation 
during the summer, is consistently coarse silt (16 µm) in all traps. Winter stratigraphy 
at the Outflow is characterized by massive grey and brown well-sorted fine silt (6 µm; 
Fig. 8B). An initial ‘coarse’ layer (13 µm), overlain by fine silts (7 µm) defines 
spring/early summer accumulation. A second ‘coarse’ layer (10 µm) occurs in the 
middle of the October to February trap deployment and is overlain by more fine silt 
(Fig. 8B), representing the remainder of summer sediment accumulation.  
 
2.3.4 Sediment Cores 
 
The uppermost layers in sediment cores recovered from the Outflow site in October 
2012 (OH6m1b) and May 2013 (GCS_1) directly record the progressive 
accumulation of sediment on the lake floor over part of the monitoring period. 
Correlation between the two cores indicates that 9 mm of sediment accumulated on 
the lake bottom between October 2012 and May 2013 (Fig. 9A). This result is 
consistent with 8.3 mm of lake bottom accumulation estimated from the sediment 
traps for the same period, indicating that the sediment traps used here have high 
trapping efficiency (ca 89%), and are representative of lake floor accumulation. 
Furthermore, down-core grain-size data show the same trends in modal size to those 
derived from the sediment trap analyses, providing further constraint on the timing of 
sediment deposition in the core (Fig. 9B). This pattern is clearly illustrated in the top 
17 mm of core GCS_1, which preserves two dark coarse layers, similar to those 
documented in bottom sediment traps at the Outflow (Fig. 9B). We note that 
correlation between cores collected at the Inflow and Outflow is not straightforward 
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due to differences in the number of layers that accumulate at each site during 
corresponding time intervals, and an inherent difficulty in identifying the start and end 
of an annual cycle. 
 
2.4 DISCUSSION 
 
Seasonality in precipitation and corresponding river discharge is evident in the Lake 
Ohau watershed (see section 2.3.1). Although there are no data for the fluvial 
suspended sediment yield into Lake Ohau, the climatological setting and lithology of 
the Lake Ohau catchment is similar to that of other South Island river systems, which 
show a strong correlation between suspended sediment yield and precipitation (r2 = 
0.71; Hicks et al., 2011). Water column turbidity and seasonal sediment trap 
accumulation data indicate that suspended sediment influx to Lake Ohau is also 
correlated to catchment rainfall, because the greatest influx of sediment to the lake 
also occurs in the summer (Fig. 7). The relation between catchment precipitation and 
lake sedimentation is modified by lake hydrology. The relative difference in density 
between inflowing river water and lake water determines whether suspended sediment 
travels primarily as overflows, interflows or underflows and, thus, how widely it is 
dispersed within the lake (see also Carmack et al., 1979; Weirich, 1986; Sturm & 
Matter, 1978). 
In winter, the relatively cold and dense inflow water is more likely to travel 
along the lakebed as turbid underflows. In summer, the relatively warmer inflowing 
water and highly thermally stratified lake means that inflows are more likely to be 
dispersed as interflows or overflows. This process results in seasonal variations in 
accumulation and particle size at the Outflow due to the change in the dominant 
sediment flow pathways. Furthermore, these differing processes allow for a 
demarcation between winter and summer layers at the Outflow, and an interpretation 
of the distinct light/dark laminations preserved at the Outflow as varves. The 
anomalous January 2013 floods provided an opportunity to observe the deposition 
mechanisms in the lake during flood conditions.  
 
2.4.1 Winter ‘Inflow’ and ‘Outflow’ Conditions 
 
Cumulative accumulation in the sediment traps at the Inflow during winter includes 
dark layers of relatively thick, coarse (46 µm) sediment that probably formed by rapid 
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deposition from turbidity currents during winter flow events and fine-grained (7 µm) 
light grey layers forming by slow suspension settling during lower/background flow 
conditions. Relatively low wind speeds through winter enhance settling from 
suspension, because turbulent mixing through the water column is limited during this 
period. Lake temperature profiles at the Inflow show that most variability in the 
winter occurs near the bed. 
 
 
          
Fig. 8: Composite stratigraphic diagram and particle size measured in the lake bottom 
sediment traps at the (A) Inflow and (B) Outflow show that, in general, the light and dark 
layering are associated with fine and coarse accumulation, respectively. The Inflow preserves 
an event-based stratigraphy with coarse/fine accumulation occurring throughout the annual 
cycle. At the Outflow, coarse grain sizes correspond with initial deposition in the summer 
with fine accumulation isolated to the late summer and winter periods. Accumulation is based 
on the total measured thickness (cm) of bottom trap sediment at each site. Grain size curves 
are tied to relevant depths and are plotted as volume percent (same scale throughout). Months 
are listed where the top and bottom accumulation was constrained by sample collection and 
redeployment. Note that accumulation was measured from June 2012 to May 2013 at the 
Inflow and from August 2011 to May 2013 at the Outflow. 
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Cold winter night air temperatures cause incoming water temperatures to be 
colder, and therefore denser, than the lake water. These cold inflows probably account 
for a majority of the quasi-diurnal temperature fluctuations measured at the deepest 
sensors.  
The authors therefore interpret these repeating temperature departures at the 
bed as caused by underflows. Furthermore, enhanced accumulation in the bottom 
sediment traps at both sites points to the predominance of sediment-laden underflows 
during winter. It is important to note that trap accumulation probably represents a 
minimum when underflows dominate, because the traps are designed for vertical 
deposition and are likely to under-trap during strong underflows when the sediment 
plumes have a significant lateral component (Cockburn & Lamoureux, 2008b). The 
absence of coarse silt and sand accumulation at the Outflow during winter indicates 
that only fine silt is transported to the distal basin during winter events. Sandy 
material deposited in bottom traps at the Inflow during these events accumulates on 
the delta front and along the downslope axis of the lake, but does not travel into the 
shallower eastern arm of the basin. This suggests that only the fine fraction of the 
sediment load carried by the cold turbid underflows originating at the delta propagates 
upslope to the Outflow in winter (e.g. Chikita et al., 1996; Gilbert et al., 2006). 
Indeed, evidence for this process is seen in changes in river inflow temperature that 
begin predominantly as interflows and overflows at the Inflow but are detected by 
subtle changes in bottom water turbidity about 24 hours later at the Outflow (Fig. 4). 
Slight variations in surface water turbidity coincident with the arrival of these turbid 
underflows may be the result of some of the suspension plume penetrating to the 
surface waters, a situation similar to that documented by Fischer & Smith (1983). 
The presence of very fine silt (6 µm), with a settling velocity of 0.025 mm s-1 
(Gibbs et al., 1971), helps to explain the persistence of turbid bottom water at the 
Outflow following event flow and supports the interpretation of slow suspension 
settling as the driver of deposition during the winter. The lack of variability in the 
temperature with depth at the Outflow, combined with low sediment accumulation, 
implies a strong horizontal gradient in winter deposition in Lake Ohau. 
 
2.4.2 Summer ‘Inflow’ and ‘Outflow’ Conditions 
 
Inflow accumulation during summer in the sediment traps shows thicker, coarser (42 
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µm) dark layers which probably form by rapid deposition of coarse particles during 
episodic event flows, while finer (16 µm) lighter layers form by suspension settling 
during lower flow conditions (Fig. 8A). While the fine fraction is coarser during the 
summer, the coarse fraction remains similar to that of winter (Fig. 8A). The Inflow 
site continues to preserve a complex coarse/fine stratigraphy similar to that of the 
winter period, while a more pronounced seasonal shift in grain size and accumulation 
occurs at the Outflow (Fig. 8).  
The summer temperature profile at the Inflow shows significant diurnal 
temperature variability throughout the water column, with the lowest amplitude 
changes near the bed and the greatest at mid to upper water depths. This suggests that 
inflowing river water is propagating through the lake primarily in the surface waters 
(top ca 20 m) as overflows, with internal waves and wind stress likely helping to keep 
the top waters mixed and sediment in suspension. Elevated surface turbidity data 
support this interpretation, while high bottom water turbidity shows that the bottom 
waters remain turbid during the whole summer period (Fig. 3C). Turbid bottom 
waters probably occur in response to both settling of particles from the upper portions 
of the water column and occasional turbidity currents that enter the lake as 
underflows, when the incoming river water temperature is lower, and has a 
corresponding higher density, than that of the bottom waters. 
In contrast to the winter months, transport of sediment-laden water to the 
Outflow is primarily by interflows and overflows during the summer months due to 
the relatively lower density of inflowing river water and the well developed 
thermocline (e.g. Bloesch & Uehlinger, 1986). The predominance of interflows and 
overflows in Lake Ohau is evident in the greatly enhanced accumulation of sediment 
in the traps at the Outflow during summer relative to winter. At the Outflow there are 
rapid changes in temperature throughout the water column, most pronounced in the 
mid and upper levels, which also implies the passage of sediment-laden water by 
internal waves (Mortimer, 1953). The sediment trap stratigraphy shows an initial 
change in particle size from 6 to 10 µm occurring around early October, probably 
coincident with increased discharge and lake stratification associated with the onset of 
the summer period. This initial deposit of dark coloured coarse material is interpreted 
as the nival pulse signature. The first pulse of coarse sediment following fine 
deposition is often associated with this seasonal increase in discharge from snowmelt, 
and hence suspended sediment, carrying coarser material throughout the lake system 
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due to its higher energy and the developing lake stratification (Desloges & Gilbert, 
1994; Lewis et al., 2002). Particle sizes fine slightly (to ca 7 µm) following this initial 
pulse, but coarsen again in response to an abrupt, massive influx of turbid water 
during the large January flood events. These events created the second dark coarse 
layer, and contributed a large portion of the light coloured, fine material that 
accumulated during the remainder of the summer. These layers are clearly preserved 
in the sediment cores (Fig. 9B). 
Most sediment, therefore, enters the lake in the summer due to enhanced 
summer rainfall and discharge. Suspended sediment is also more widely dispersed, 
leading to a nearly three-fold increase in accumulation at the Outflow compared to the 
winter period (Fig. 7B). Following large summer discharge events, the finer particles 
transported during these events progressively settle during reduced flow periods, 
resulting in a depositional pattern similar to those documented at other montane sites 
(Gilbert, 1975; Desloges & Gilbert, 1994). 
 
2.4.3 Flood Conditions 
 
Two large floods events in excess of 950 m3 s-1 occurred in January 2013. This large 
input of sediment-laden water perturbed the lake system in a manner not observed 
during lower summer flow conditions. At the Inflow, immediately following the first 
event, the water column became destratified in temperature and displayed a rapid 
increase in surface and bottom water turbidity (Figs 3A and 6A). This pattern was 
repeated during the second event, after which the turbidity throughout the water 
column remained elevated above pre-flood levels into March 2013. 
At the Outflow, flood events appeared as a marked decreases in surface water 
temperature (Figs 3B and 6B), related to large overflow transport of cooler inflowing 
water that persisted until 28 January. However, the limited turbidity data (which begin 
on 5 February) suggest that consistently high turbidity also persisted throughout the 
water column until March 2013.  These floods deposited a second coarse layer (10 
µm) at the Outflow. The deposition of multiple coarse dark layers within a single 
varve indicates the potential for the generation of complex stratigraphy during the 
summer months. These floods also input anomalously large amounts of material into 
the system, similar to lacustrine deposition documented during large flood events in 
other montane settings (Gilbert et al., 2006). For example, the two January events 
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contributed approximately 95% of the summer sediment deposition at the Inflow and 
51% of total summer accumulation at the Outflow. Post-event deposition preserved in 
the gravity core at the Outflow is marked by a thick, 7 mm light layer with a mean 
grain size of 6 µm. 
 
 
Fig. 9: (A) Comparison between surface sediments in cores GCS_1 (collected May 2013) and 
OH6m1b (collected October 2012). A light band near the top of OH6m1b is interpreted as the 
end of winter layer and is referred to here as the 2012 marker horizon, as can be seen clearly 
in GCS_1. (B) A comparison of colour and grain sizes measured in the May 2013 gravity 
core and the Outflow bottom sediment trap. Sediment trap grain sizes are the modal grain size 
measured in the same stratigraphic layers and then plotted on the same depth scale as the 
samples measured in the core. Sediment trap stratigraphy is based on visual colour for layers 
greater than 1.5 mm. There is close correlation of both grain size and colour between the 
sediment cores and sediment traps. 
 
 
2.4.4 Characteristics of the Longer Sediment Sequence 
 
To place these observations in context with the longer record and to see if there is a 
recognizable seasonal stratigraphy preserved in lake bottom sediments, a thin-section 
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scan from core OH6m1 was examined. The summer (coarse) and winter (fine) layers 
were identified visually using grain size or light/dark colouration (Fig. 10). This 
image preserves approximately nine couplets and contains both complex and simple 
varves (Fig. 10). At the 17.5 cm core depth, a coarse (14 lm) layer may be a similar 
flood event to that monitored in 2013, given the grain-size fraction and relative 
thickness of the couplet (7.0 mm). Micro-laminations or complex stratigraphy are 
widely documented in varved sediments (Desloges & Gilbert, 1994; Hambley & 
Lamoureux, 2006; Chutko & Lamoureux, 2008), and have been used to develop 
robust palaeoclimate reconstructions. These complexities in Lake Ohau may be 
derived from unseasonal high-magnitude flow events, similar to those observed in the 
present study, or other disturbances in the catchment and lake system (e.g. 
earthquakes). Ongoing work with radiometric isotopes (210Pb, 137Cs and 14C) and layer 
counting will help to place these observations in context with the past, to determine 
whether these modern-day mechanisms can be attributed to accumulation patterns 
further down-core. Furthermore, the complexities in this system highlight a key need 
for ongoing monitoring in order to better constrain the causes of the complex 
stratigraphy.  
 
2.4.5 Primary Mechanisms of Varve Formation 
 
In Lake Ohau the relatively lower precipitation in winter, paired with the inability for 
the coarse fraction of winter turbidity currents to travel to the distal Outflow result in 
the deposition of only fine-grained sediments, similar to that observed in lakes 
characterized by winter ice cover where deposition is limited to fine particles. In 
summer, increased discharge resulting from both snowmelt and increased 
precipitation generate a coarse layer, with deposition at the outflow aided by lake 
density stratification, which enables the propagation of warmer sediment laden water 
to penetrate the length of the lake as interflows and overflows. Simply, the coarsening 
of sediment in the summer produces dark layers, while the fine winter accumulation 
creates a light layer. Therefore, despite the differences between this temperate mid-
latitude location and higher-latitude polar locations, the data herein show that the 
intrinsic processes remain the same as those more typical clastic varve depositional 
environments, where distinct seasonal changes in lake dynamics and 
hydrometeorology result in the formation of clastic varves. 
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Fig. 10: Thin-section scan and corresponding stratigraphic column from a representative 
section of core OH6m1. Light layers in the thin section correspond to coarse layers, as more 
light penetrates through more porous layers during scanning. Summer and winter layers were 
defined based on visual estimation of the particle size in the thin section. Complex 
stratigraphy was similarly ascribed based on grain size and relative thickness of interbedded 
coarse laminae, yielding 9 years of accumulation between 15.0 and 18.0 cm. 
 
 
2.5 CONCLUSIONS 
 
Through detailed lake monitoring, this study demonstrates that the character and 
amount of sediment deposition in Lake Ohau is controlled by strong basin-wide 
seasonality in precipitation, river discharge and internal lake dynamics. This provides 
a mechanism for explaining the formation of the light and dark layers observed at the 
Outflow and further points to the Outflow as an ideal target site for the development 
of a high-resolution palaeoclimate record.  
Large flood events observed in January 2013 caused a multi-week 
perturbation in temperature and turbidity throughout the lake environment, and 
significantly increased deposition throughout the lake. Future work will place these 
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events in context with the past and help to constrain and understand flood 
characteristics and frequency through comparison with other similar layers preserved 
at depth in the sediment cores. Ongoing lake monitoring will help to further develop 
current understanding of the complex processes occurring throughout Lake Ohau, 
particularly with the addition of instrument strings in the lake depocentre. 
Ultimately, this study contributes a detailed framework for understanding 
seasonal sedimentation processes in Lake Ohau and provides important context for 
interpreting the longer Outflow sediment sequence. The temperate environment of 
southern New Zealand and the Lake Ohau catchment is suitable for preserving varves, 
thus providing the opportunity to a develop robust, high-resolution lacustrine 
palaeoclimate record from the Southern Hemisphere mid-latitudes. 
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CHAPTER 3 
 
 
A hydroclimate-proxy model based on sedimentary facies in an annually laminated 
sequence from Lake Ohau, South Island, New Zealand 
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 ABSTRACT 
 
Annually laminated sediments collected from Lake Ohau, New Zealand offers a 
opportunity to generate a high-resolution paleoclimate record for the Southern 
Hemisphere mid-latitudes. Correlation between regional precipitation and synoptic 
climate indices like the Southern Annular Mode, paired with a correlation between 
Ohau catchment precipitation, lake inflow and suspended sediment yield suggest that 
the Lake Ohau varves are a potentially powerful tool for interrogating the amplitude, 
timing and interdependence of different climate modes operating in the Southern 
Hemisphere mid-latitudes over time. A robust chronology and sound climate-proxy 
model are fundamental requirements for all high-resolution proxy environmental 
records. Here we present a chronology derived from layer counts, and 137Cs and 210Pb 
ages for the top 60 cm of sediments from the distal basin of Lake Ohau that confirm 
the varved natured of the sedimentary sequence. Sedimentary facies of different varve 
motifs are used to develop a hydroclimate-proxy model which links stratigraphy to 
seasonal hydrology. To establish this relationship we use a model accuracy statistic, 
which shows a quantitative difference between the annual hydrographs associated 
with each of three primary varve motifs. Distribution of above average inflow events 
points to summer and autumn hydrologic regimes as the primary control on the 
deposition of different motifs. This hydroclimate-proxy model will serve as a tool to 
reconstruct lake inflow, and by extension precipitation, on an annual basis, potentially 
throughout the late Holocene, for the South Island of New Zealand. 
 
 
 
Key Words: Varves; Proxy; Hydroclimate; Stratigraphy; Complexity 
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 3.1 INTRODUCTION 
 
High-resolution paleoclimate records that capture environmental change on sub-
decadal timescales play an important role in bridging the gap between short 
instrumental records and longer, lower resolution paleoclimate sequences (Zolitschka 
and Pike 2014). Only a few types of records capture environmental change at such 
high resolution—these include tree rings, ice cores, varved sediments, corals and 
speleothems (Bradley 1999; Zolitschka and Pike 2014). A number of these records are 
documented across the Northern Hemisphere (Mann et al. 1998; Ojala et al. 2012), 
but there remains a need to develop high-resolution paleoclimate reconstructions from 
the Southern Hemisphere (Neukom and Gergis 2012). New Zealand is one of only 
few landmasses that lie in the core of the climatically important Southern Hemisphere 
westerly wind belt but very few high-resolution terrestrial paleoclimate records have 
been recovered from the North and South Islands (Cook et al. 2006, 2002; Lorrey et 
al. 2008; Page et al., 2010, 1994; Orpin et al. 2010; Augustinus et al. 2011; Fowler et 
al. 2012; Striewski et al. 2013). Sediment cores collected from the distal end of Lake 
Ohau, South Island, New Zealand (Fig. 1) contain clastic varves, providing an 
opportunity to produce a high-resolution proxy climate record from this important 
mid-latitude region (Roop et al. 2015).  
Process-network studies of the climatic, physical and biological processes in 
contemporary lacustrine systems that are targeted for paleoclimate record 
development provide an important means by which the relationship between climate 
and core stratigraphy can be examined in detail and aid in the interpretation and 
calibration of varved sediment sequences (Hodder et al. 2007; Ojala et al. 2012; 
Stockhecke et al. 2012; Lamoureux and Francus 2014; Zolitschka and Pike 2014). 
The Lake Ohau process-network study demonstrates that seasonal thermal 
stratification of the water column plays an important role in regulating the transfer of 
relatively coarser or finer grains from the river mouth to the distal (Outflow) end of 
the lake (Fig. 1; Roop et al. 2015). Sediment accumulation in winter at the Outflow is 
limited to very fine silt particles (3 - 5 µm) as cold, turbid underflows originating at 
the delta do not transport coarser silts and sands upslope beyond the depocentre. 
Increased discharge and sediment flux, paired with pronounced thermal stratification 
in summer, enables transport of fine silt particles (8 - 13 µm) to the core site along 
pycnoclines in the upper portions of the water column (Roop et al. 2015). These 
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 observations provide a clear mechanism for the deposition of annual laminations, or 
varves, in the contemporary system (Roop et al. 2015).  
This study builds on this physical process model to describe and explain 
seasonal controls on sedimentation in Lake Ohau beyond the process-network 
monitoring period (2011-2013) discussed in Roop et al. (2015) and aims to: a) 
confirm that sediment laminations preserve a seasonal signal over the instrumental 
record (1900-2011), and; b) investigate the hydroclimatic and sedimentological 
variability over the instrumental record in order to establish a sound climate-proxy 
model. This model will serve as the primary tool for interpreting paleoclimate 
variability in a ~17,000 year record (~80 m) expected to be collected from Lake Ohau 
in mid-2016. 
 
3.1.1 Study Site 
 
Lake Ohau (44.234°S, 169.854°E; 520 m asl) is a temperate lake (mean winter air 
temperature 6.2 °C) located in the intermontane Mackenzie Basin, South Island, New 
Zealand (Fig. 1). This glacially formed lake is 54 km2 and reaches a maximum depth 
of 129 m. The 924-km2 Ohau catchment ranges from 520 m to 2640 m asl and is 
drained primarily by the Hopkins and Dobson Rivers (Fig. 1). The catchment geology 
is characterized by highly indurated quartzofeldspathic greywacke sandstone and 
argillite mudstone (Cox and Barrell 2007). The Hopkins and Dobson valleys have 
relatively small modern glaciers at their head, which occupy 1.7% of the total 
catchment area (Fig. 1; Anderton 1973). This small volume of glacial ice is 
considered to have remained stable over the last several thousand years based on 
recent glaciological investigations in the valley (Doughty et al 2013; Putnam et al 
2013) and is assumed to play a minor role in sediment generation and flux in the 
contemporary lacustrine environment (Roop et al 2015).  
The Hopkins and Dobson Rivers account for 85% of the total fluvial input into 
Lake Ohau, with smaller tributaries contributing the remaining 15% (Fig. 1; Woods et 
al. 2006). River inflow is highest during austral summer (average inflow 105 m3 s-1) 
and lowest in winter (61 m3 s-1). Spring and early summer snowmelt contribute 
approximately 21% of mean annual inflow (Kerr 2013). Monthly headwater 
precipitation and lake inflow are correlated over the instrumental record (1926-2014; 
r= 0.74, p = <0.0001). There is a strong precipitation gradient over the 37 km long 
catchment, with headwaters receiving 76% more precipitation than at the lake (Roop 
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 et al. 2015). This gradient is the result of westerly wind driven orographic 
precipitation on the western side of the Southern Alps ‘spilling over’ the main divide 
into the upper part of the Ohau catchment (Chater and Sturman 1998; Salinger and 
Mullan 1999). Lake Ohau is seasonally stratified and experiences frequent 
overturning during the austral summer (October - March; Roop et al 2015). 
  
Fig. 1: The Lake Ohau catchment located on the eastern slope of the Southern Alps on the 
South Island, New Zealand. Sediment cores were collected near the lake outflow. Isobath 
interval is 10 m. Topnet derived precipitation time-series were generated for seven points in 
the Ohau catchment including: Upper Hopkins (UH), Upper Dobson (UD), Lower Hopkins 
(LH), Lower Dobson (LD), near the Ohau inflow (OI), at the based of Freehold Creek (FC) 
and in the Greta Stream catchment (GS). 
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 3.2 MATERIALS AND METHODS 
 
Three short gravity cores (0.3 m) and three longer Mackereth cores (5.5 m; 
Mackereth, 1958) were recovered near the outflow of Lake Ohau at ~68 m water 
depth between July 2009 and May 2013 (Fig. 1). Gravity cores were used to recover 
the sediment-water interface. The cores discussed in this paper include Mackereth 
cores OH1m1 (1m; collected July 2009), OH6m1c (5.5 m; collected October 2012), 
OH6m1 (5.5 m; collected July 2009), and gravity core GCS_1 (0.23 m; collected May 
2013). 
 
3.2.1 Physical Properties 
 
Density, compressional (p)-wave velocity, magnetic susceptibility (whole core), and 
line scan RGB data (split core) were collected from cores OH6m1c, OH1m1, and 
OH6m1 using a Geotek multi-sensor core logger at the University of Otago. GCS_1 
was split and photographed using a Lumix 10.1 Megapixel DMC LX5 camera. Thin-
sections from core OH6m1 were made following Lamoureux (1994) and scanned at 
2400 dpi on a flatbed scanner. X-radiographs (X-rays) were acquired from 30 cm x 
0.5 cm x 0.5 cm u-channel samples taken from OH6m1c (Fig. 2A). Each u-channel 
sub-sample was offset with an overlap of 1.5 cm. X-ray data were collected at twenty-
micron resolution using an ITRAX™ core scanner housed at the Korea Polar 
Research Institute (KOPRI). X-rays were generated using a 3 kw Mo tube running at 
40 Kv and 35 mA with scanning time of 500 ms. Greyscale data were extracted from 
16-bit X-ray positive (where lower density is represented by a lighter tone) TIFF 
images generated by the ITRAX™ using ImageJ (Schneider et al. 2012). Images were 
adjusted for brightness and contrast to fit within a range of intensity between 33,000-
36,500. 
Particle size was measured on selected high and low-density laminae from 
GSC_1 to verify that density variation is primarily due to changes in particle-size-
influenced porosity (Supplementary Fig. 1). Discrete samples were dispersed with 
sodium hexametaphosphate (Calgon), continuously stirred and sonicated for 30 
minutes, and passed through a Beckman Coulter LS 13 320 laser diffraction particle 
size analyzer equipped with a Micro Liquid Module (MLM). The MLM is capable of 
measuring small (~0.03 g) samples, ensuring material from lamina < 2 mm thick 
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 could be obtained. Particle size data statistics were generated using Gradistat software 
(Blott and Pye 2001).  
 
3.2.2 Chronology 
 
One-centimeter sections extracted at various depths from core OH1m1 were analyzed 
for both 137Cs and 210Pb activity (Supplementary Table 1). 137Cs was measured 
directly by gamma spectrometry using a high-resolution low background germanium 
(well-crystal) detector and total 210Pb was determined from its granddaughter 210Po 
measured by alpha spectrometry. Unsupported 210Pb was calculated from the total by 
subtracting supported 210Pb, which was estimated by measuring 226Ra using gamma 
spectrometry. All analyses were conducted at GNS Science, New Zealand. The 
CRSmodel program, which assumes a Constant Rate of Supply (CRS), was used to 
determine the 210Pb age-depth relationship (https://code.google.com/p/crsmodel/, 
accessed Nov 19, 2014; Fig. 2). Correlation between OH1m1 and OH6m1c was 
conducted visually in Corelyzer (http://andrill.org/~jareed/corewall.org/www/) and 
indicated an average ~1 cm offset between the cores for the top 60 cm 
(Supplementary Table 1). The offset is a result of the difference in the year of core 
collection and disturbance of the surface from coring. For example, gravity core 
GCS_1 and OH6m1c (recovered with a Mackereth system) were both collected in 
2012. Correlation between these two cores shows that two full laminations were lost 
in the Mackereth core, which means that the surface of OH6m1c represents varve 
year 2010. 
 
Layer Counting  
 
Sedimentation patterns in Lake Ohau are dominated by a signal comprised of a coarse 
and fine couplet, represented in greyscale by high (~35,000-36,500) and low intensity 
values (~33,000-35,000), respectively (Fig. 3). This dominant pattern is often 
overprinted by the occurrence of additional coarse sublaminae (greyscale intensities 
of ~34,000-36,000), as observed by Roop et al. (2015). Based on our studies of 
modern sedimentation processes, the coarse-fine couplets are interpreted as annual 
layers and were counted accordingly.  
Three layer counts were generated by two independent operators (Roop and 
Levy) from a combination of X-ray images, line-scan images, and thin sections for the 
top 60 cm of OH6m1c and OH6m1 (Fig. 2A). Each operator assigned a ‘varve year’ 
64
 (VY) to each couplet based the occurrence of a sharp density change and a visual 
change in particle size in thin-section. HR conducted two separate counts. A more 
objective method was used to generate a layer count by recording all points in the X-
rays greyscale curve where a positive gradient equivalent to ~20% of the total 
amplitude occurred ≤ 0.5 mm (after Wheatley et al. 2012). We also assumed that 
annual sediment accumulation must be > 2 mm based on prior monitoring (Roop et al. 
2015), so concurrent greyscale peaks that were < 2 mm apart were not counted as 
separate years but classified as sublaminae. The resulting layer counts are shown in 
Figure 2. Sedimentation rate and layer thickness vs. year are derived from these age-
depth relationships. Because the major coarse layer in the sedimentary couplet is the 
easiest feature to identify in the greyscale record and is caused by an influx of 
sediment in spring, a varve year is defined as September 1st - August 31st (which 
differs slightly from Roop et al. 2015 who defined a VY as October 1st - September 
31st). This modification enables an investigation of variability in spring inflow 
conditions. 
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Fig. 2: A) 137Cs and 210Pb activity profiles compared to manual operator and automated 
counts for the top 60 cm of core OH6m1c. All counts are consistent with the depth intervals 
associated with the 1964 peak in 137Cs and onset of 137Cs in the early 1950’s. B) 1σ standard 
deviation for all manual and automated counts compared to the three described motifs. The 
maximum deviation is 15.2 mm or ±5.8 years (2σ) based on the 137Cs-derived sedimentation 
rate. The greatest deviation between counts is associated with motif C, or event stratigraphy. 
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 3.2.3 Hydrometeorological data 
 
Three hydrometeorological datasets were used in this study including: (1) a record of 
daily mean inflow calculated from lake level and measured outflow that extends from 
1926 to present (Meridian Energy Ltd., unpublished data); (2) a continuous time-
series of precipitation and temperature (1926-present) measured at Lake Tekapo Air 
Safaris, 40 km north of Lake Ohau and outside of the Ohau surface water catchment 
(44.00°S, 170.43° E; Station ID 4970); and (3) modeled precipitation, air temperature 
and inflow data extracted for seven different locations in the Lake Ohau catchment 
from the National Institute of Water and Atmosphere (NIWA) Topnet model (Clark et 
al. 2009; Fig. 1). Topnet is based on a 30 m Digital Elevation Model (DEM) and 
simulates hydrological processes based on total precipitation and temperature 
provided as a 0.05° latitudinal/longitudinal grid based on an interpolation of data from 
a national network of automated weather stations (Tait et al. 2006). The hydrological 
model was calibrated against hourly total lake inflows over the period 1980-1990 and 
validated over the period 1980-2008.   Seven samples sites were selected to provide 
upstream catchment average precipitation and temperature and total inflow, including: 
Upper Hopkins (UH), Upper Dobson (UD), Lower Hopkins (LH), Lower Dobson 
(LD), near the Ohau inflow (OI), at the base of Freehold Creek (FC) and in the Greta 
Stream catchment (GS; Fig. 1).  
Comparisons between varve thickness (VT) and hydrometeorological data 
were run for seven different temporal increments including: full twelve months, 
spring (September, October, November, referred to as SON), summer (December, 
January, February, referred to as DJF), autumn (March, April, May, referred to as 
MAM), winter (June, July, August, referred to as JJA), spring and summer 
(SONDJF), and autumn and winter (MAMJJA). Averages and totals of the three 
hydrometeorological datasets over these temporal increments were tested against the 
full VT time-series and all varve motifs and sub-types for five different varve features 
including: 1) total thickness; 2) coarse unit thickness; 3) fine unit thickness; 4) fine 
unit thickness minus sublaminae; 5) sublaminae thickness. Lag correlations between 
VT characteristics and hydrometeorological parameters were also tested for the 
preceding one and two years. All statistical relationships between each measured 
varve feature and hydrometeorological variables were tested using Spearman’s rank 
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 correlation (non-parametric) as all datasets were non-normally distributed. 
Relationships where p ≤ 0.05 are considered significant. 
Varve year hydrographs were compared using the Nash-Sutcliffe model 
accuracy statistic (Nash and Sutcliffe 1970). The Nash-Sutcliffe coefficient tests 
values for goodness of fit between measured and modeled hydrographs. The goodness 
of fit, represented here as r, is analogous to the sum of squares, where 1 is a perfect fit 
and values ≤ 0 indicate that the model hydrograph is a poor predicator of the 
measured discharge values compared to the average discharge over the period 
considered. In this study, the Nash-Sutcliffe coefficient was used to compare the 
mean of measured hydrographs for differing varve motifs and types. Annual and 
seasonal (as above) hydrographs for each primary sedimentary motif were also 
compared using the Spearman’s rank correlation.  
 
3.3 RESULTS 
 
3.3.1 X-ray density and particle size 
 
Less dense layers (light grey and white tones in X-rays) are consistently associated 
with coarser particles (modal size > 8.0 µm), while the densest layers (dark tones in 
X-rays) are associated with finer particles (modal size 3.7 µm; Supplementary Fig. 1). 
Particle size variability between the light and dark layers in X-ray is similar to the 
annual range measured in surface cores and sediment traps by Roop et al. (2015). 
 
3.3.2 Varve classification 
 
Three primary varve motifs (labeled A, B and C) were identified based on variations 
in complexity (e.g. presence/absence and number/position of sub-laminae) and total 
thickness (Table 1; Fig. 3). Motif A consists of a fine silt basal layer that grades into a 
very fine silt layer. These ‘simple’ varves are divided into sub-types A1 and A2, 
which are separated based on the relative thickness of the coarse and fine units (Table 
1; Fig. 3). Motif A accounts for 34% of the total lamination stratigraphy in the top 60 
cm of OH6m1c. Motif B is characterized by the presence of one or more grain-
supported 0.5 - 1.5 mm-thick sublaminae within the primary coarse/fine stratigraphy. 
These ‘complex’ varves account for 56% of the total lamination stratigraphy in the 
top 60 cm of OH6m1c. Motif B is sub-divided into four types (B1, B2, B3, B4) to 
account for the variations in the number and position of sublaminae within the annual 
68
 couplet (Table 1; Fig. 3). Motif C includes layers that are ≥ 9.0 mm thick and 
comprise a basal fine silt layer that grades into a relatively thick (~3.5 mm) 
homogeneous very fine silt layer (Table 1; Fig. 3). Thin sub-laminae (≤ 1.0 mm) 
commonly occur immediately above the basal unit. Motif C accounts for 10% of the 
varve stratigraphy in the top 60 cm of OH6m1c. Total VT ranges from 3.4 - 3.5 mm 
in motif A, 4.5 - 7.1 mm in motif B, and 9.0 - 12.9 mm motif C (Table 1; Fig. 3).  
 
Fig. 3: An example of the differing stratigraphic patterns and greyscale curve for each of the 
seven different varve types characterized by motifs A, B, C. Each example shows the relative 
thickness of each unit and the presence and stratigraphic position of sublaminae in motifs B 
and C. Unit thickness is based on the mean of each varve type. 
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 3.3.3 Core chronology 
 
Cesium-137 and lead-210 radiometric dating techniques and layer counts provide 
both a robust age-depth model for the instrumental record and a method to test 
whether the lamination stratigraphy preserves an annual signal. Southern Hemisphere 
onset and maximum 137Cs fallout, a by-product of nuclear weapons testing, occurs in 
1954 and 1964, respectively (UNSCEAR 2000). These tie-points offer important age-
control for the top portion of the sediment record. Peak 137Cs (1964) occurs between 
24.0 - 25.0 cm and onset (1954) occurs between 31.0 - 32.0 cm in OH6m1c 
(Supplementary Table 1).  
Chronology determined by layer counts (manual and automatic) is consistent 
with the depth intervals associated with the 137Cs profile (Fig. 2A). Specifically, layer 
counts place varve year (VY) 1964 between 23.7 - 24.8 cm and VY 1954 between 
28.8 - 30.5 cm. Similar sediment accumulation rates (SAR) are calculated using 137Cs 
and 210Pb activity profiles and layer counts (Fig. 2A). The 137Cs derived SAR is 5.1 ± 
0.3 mm yr-1, the 210Pb SAR is 6.0 ± 1.1 mm yr-1 and the layer count derived SAR is 
5.2 ± 0.5 mm yr-1. The instrumental record commenced in 1926 and the 210Pb-derived 
and layer counts age-depth relationships are in close agreement; 210Pb places 1926 (± 
6.1 years) at 44.0 - 45.0 cm while an average layer count places 1926 (± 2 years) at 
44.5- 45.0 cm. 
A 2σ standard deviation of the ages assigned to a given depth is used as a 
means to quantify offset between the four different layer counts (three manual and 
one automated; Fig. 2B). A maximum deviation of 15.2 mm or ±5.8 years occurs at 
VY 1900. The largest deviation between counts generally occurs in sections of the 
core that are characterized by motif C and the total error then propagates with depth 
(Fig. 2B). Maximum agreement and consistency between layer counts occurs in 
sections that are characterized by motif A. Given the similarity and small error 
between the layer count- and radiometric-derived age-depth relationships, 
hydroclimatic relationships over the instrumental record were tested against an 
average of the manual and automated layer counts.  
 
3.3.4 Hydroclimate-varve relationships 
 
Regression statistics were calculated to compare all five ‘iterations’ of VT with 
average modeled air temperature, aeral total and average modeled and measured 
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 precipitation, and total and average inflow for the seven different temporal/monthly 
breakdowns of the annual cycle. These tests yield few statistically significant results 
(Supplementary Table 2). One of the strongest correlations is a basin-wide negative 
correlation between total SON precipitation and coarse unit thickness. This 
correlation is weakly significant for six of the seven sites for which modeled 
precipitation was extracted; the strength of the correlation only ranges from r = -0.29, 
p = 0.08 at Freehold Creek (FC) to the strongest correlation of r = -0.36, p = 0.03 at 
Greta Stream (GS). The correlation is not significant for the Upper Hopkins site. The 
same regression statistics were tested on the three major varve motifs and seven types, 
which yielded similar non-robust and weakly statistically significant results  
(Supplementary Table 2). 
In order to explore the relationship between varve motif/type and 
hydroclimate, the hydrographs for each annual layer during the correlation period of 
1926-2010 were compared using the Nash-Sutcliffe model accuracy statistic (inflow 
derived from the Lake Ohau inflow time-series provided by Meridian Energy Ltd.) To 
mitigate the impact of potential mismatches between varve type and hydrology arising 
from errors in our annual layer chronology, we compared hydrographs for a subset of 
years of close chronologic sequence (1-5 sequential years) defined by each motif and 
varve type (Table 2). The annual inflow time-series for the subsets of years 
corresponding to motifs A, B, C and varve types A1, A2, B1, B2, B3, B4, C 
respectively, were grouped and averaged to produce a characteristic hydrograph for 
each motif and type (Fig. 4). These characteristic hydrographs were compared to each 
other using the Nash-Sutcliffe model accuracy statistic and Spearman’s rank 
correlation (Tables 2 and 3; Nash and Sutcliffe 1970).  
Comparisons between each characteristic (mean) hydrograph for the subsets of 
years were made using a complete data series and both a 30- and 15-point running 
mean (Fig. 4). Results from analysis of the 15-pt smoothed data series for the subset 
of chronologically sequential varves (n = 5 or 6) show poor fit between the 
hydrographs that characterize motif A and C and close agreement between those that 
characterize motifs B and C (Table 2). Hydrographs for subtypes A1 and A2 are in 
close agreement with B1 and B2 (Table 2). To increase the statistical power of the 
correlations, hydrographs for the sum of all of the years represented by each of the 
three major motifs were also compared (minimum n = 11 for motif C). The strong 
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 positive correlation between the subset of annual hydrographs (15-pt smooth) for all 
motifs weakens significantly when weekly data are considered (Table 3). 
 
Table 2 Nash-Sutcliffe coefficients (r) for 15-point smooth hydrographs. Mean hydrographs 
are derived from the listed subset of years. Sequential years were selected, where possible, in 
order to minimize potential error associated with the varve chronology. For type A1, no 
chronologic sequence of years was available for testing. Hydrographs are derived from the 
Lake Ohau inflow time-series. 
 
Table 3 Nash-Sutcliffe coefficients (r) for the weekly smoothed annual hydrograph for each 
of the three major sedimentary motifs. The hydrograph for each motif is derived from a mean 
of all of the years characterized by each sub-type (e.g. A1, A2 = A). Each motif is 
characterized by a unique hydrologic regime. 
 
 
 
 
 
 
 
 
To explore seasonal biases in inflow, characteristic hydrographs for the major 
motifs and types were divided into four temporal increments including: spring (SON), 
summer (DJF), autumn (MAM), and winter (JJA) and compared using a Spearman’s 
rank correlation and outlier plots (Table 4; Fig. 5). The hydrographs for each motif 
during SON show close correlation while the relationship between the seasonal 
hydrologic regimes and varve motifs weakens for the rest of the annual cycle (Table 
4). Outlier plots show similar patterns for all of the varve types, with the range of 
Varve 
type A1 A2 B1 B2 B3 B4 C1 
A1 1 0.54 0.70 0.56 0.40 0.40 0.45 
A2 0.54 1 0.50 0.72 0.50 0.50 0.47 
B1 0.70 0.5 1 0.69 0.45 0.68 0.62 
B2 0.56 0.72 0.69 1 0.50 0.37 0.61 
B3 0.40 0.50 0.45 0.50 1 0.30 0.61 
B4 0.40 0.50 0.68 0.37 0.30 1 0.26 
C1 0.45 0.47 0.62 0.61 0.61 0.26 1 
Years 
Compared 
 
 
 
 
2009 
1991 
1977 
1958 
1947 
1939 
 
1973 
1972 
1961 
1960 
1959 
 
 
1968 
1966 
1965 
1964 
1963 
 
 
2008 
2005 
2001 
1948 
1945 
1943 
 
1980 
1979 
1975 
1956 
1954 
 
 
1999 
1996 
1993 
1932 
1930 
1929 
 
1995 
1994 
1953 
1952 
1950 
1949 
 
Motif A B C 
A 1 -0.27 -0.46 
B -0.27 1 0.32 
C -0.46 0.32 1 
n 22 52 11 
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 hydrologic variability the lowest during SON. The number of hydrologic outliers 
increases most notably in summer and autumn (Fig. 5). Outliers in seasonal discharge 
are mostly associated with motif B varve types, while type A varves show the 
smallest range of variability across the annual cycle, and the fewest number of 
anomalous peaks in inflow (Fig. 5).  
 
Table 4 Regression statistics (r) for the seasonal mean hydrology of each of the three major 
motifs (for all years, as in Table 3). Correlation between the three motifs is greatest in the 
spring (SON). 
Motifs  
Compared 
 
Season 
      SON                  DJF              MAM                 JJA 
   (Spring)           (Summer)          (Fall)               (Winter) 
A – B 
r 
 p-value 
 
0.53 
<0.0001 
 
0.18 
 <0.0001 
 
0.15  
<0.0001 
 
0.26 
<0.0001 
A – C 
r 
 p-value 
 
0.35 
 <0.0001 
 
0.23 
<0.0001 
 
0.02  
0.21 
 
0.02 
0.30 
B – C 
r 
 p-value 
 
0.62 
<0.0001 
 
0.17 
 <0.0001 
 
0.02  
0.17 
 
0.17 
<0.0001 
 
 
3.4 DISCUSSION 
 
Meaningful paleoclimate reconstructions from annually laminated sediments require a 
detailed understanding of the relationship between sedimentation and climate (Hodder 
et al. 2007). In the Lake Ohau region, there is significant correlation between 
headwater precipitation and lake inflow (r = 0.74 p = <0.0001), as well as spatially-
averaged precipitation and suspended sediment yield for South Island greywacke 
catchments (r = 0.71; reported here as r; Hicks et al. 2011). This regional relationship 
suggests there should be a link between rainfall and sediment accumulation in Lake 
Ohau. The original hypothesis was that this link would be reflected in VT based on 
previous paleoclimatic reconstructions in many clastic varve settings (e.g. Desloges 
and Gilbert 1994; Tomkins and Lamoureux 2008; Kaufman et al. 2011). However, 
results indicate that such a relationship does not exist. This is not entirely surprising 
as direct relationships between VT and hydroclimatic variables can be difficult to 
establish (Hodder et al. 2007). Geologic processes such as earthquakes and slope 
failure can, in geologic time, instantly alter the availability of sediment to a basin 
(Dadson et al. 2004; Howarth et al. 2012). The climate system itself operates on 
various temporal and spatial scales and can be complicated in mountainous terrain by 
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 microclimates, which are poorly resolved in modeled data and generally 
underrepresented in meteorological time-series (Hannah et al. 2000). In addition to 
the aforementioned complexities, internal lake dynamics can further attenuate 
dispersal and accumulation patterns of sediments (Pharo and Carmack 1979; Desloges 
and Gilbert 1994; Hodder et al. 2007). Regardless of these complexities, our results 
suggest that varve stratigraphy, instead of varve thickness, is a good indicator of 
hydroclimatic variability in Lake Ohau. In the following discussion we explore the 
probable causes of stratigraphic variability and show that varve stratigraphy can be 
used to establish a hydroclimate-proxy model. 
 
3.4.1 Varve thickness and hydroclimatic variability 
 
A strong correlation between riverine suspended sediment yield and precipitation and 
inflow has been shown for nearby catchments (Hicks et al. 2011) and a similar 
relationship is assumed to be true for Lake Ohau. However, the predominance of 
negative correlations between total precipitation, inflow and varve thickness at the 
distal core site (Supplementary Table 2) suggests that sediment accumulation and 
inflow are decoupled due to seasonal lake hydrodynamics. Specifically, inflow events 
in spring occur when the lake is isothermal, which influences sediment transport 
pathways and affects the relationship between inflow (discharge) and suspended 
sediment flux (Roop et al. 2015). However, errors in sediment flux derived from SSC 
rating curves can be in excess of 50% and tend to produce low estimates during high 
SSC conditions and vice versa (Walling and Webb 1988; Horowtiz 2003). This 
demonstrates that relationships between inflow and SSC, and subsequent sediment 
transport and deposition, are complicated and cannot be assumed to be linear or 
constant through time.  
Eight large magnitude (≥ 880 m3 s-1) inflow events were measured between 
1926 and 2011 and eleven ≥ 9.0 mm laminations (motif C layers) were identified in 
the cores during the same period. Further, only fifty percent of layers characterized as 
motif C coincide temporally (±2 years) with measured large magnitude inflow events. 
This mismatch suggests that some large sedimentation events are potentially related to 
non-climatic events including subaqueous mass wasting. These observations are not 
surprising, as other studies have shown that peaks in SSC do not always correlate with 
peak inflow (Sawada and Johnson 2000; Orwin and Smart 2004). In addition, 
unusually dry conditions and associated high soil infiltration capacity can attenuate 
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 the sediment transport response following extreme precipitation events and affect 
expected SSC (Favaro and Lamoureux 2014). One or more of the processes outlined 
above could explain the observed mismatch between thick event layers and 
precipitation-driven extreme event inflow and the anti-correlation between 
precipitation, inflow and varve thickness.  
 
3.4.2 Lamination stratigraphy 
 
Sedimentary couplets without sublaminae (motif A) represent varves that form in 
years with limited high magnitude summer/autumn inflow events (Figs. 4 and 5). A1 
varves form during years that are characterized by an annual hydrograph with a late-
spring onset of high inflow that peaks in December/January and exhibits limited 
spring freshet input (Figs. 4 and 5). This late season flux may account for the 
proportionally thicker coarse unit in A1 as peak flow occurs when the lake is fully 
stratified, which may provide a more direct conduit for coarser sediment delivery to 
the distal basin. A2 varves form during years characterized by a hydrograph 
exhibiting higher peak inflow in spring when lake stratification is developing, which 
may cause flow separation that delivers less sediment to the distal basin and produces 
the proportionally thinner basal coarse unit (Fig. 4). This interpretation may also 
explain the basin-wide negative correlation between coarse unit thickness and total 
SON precipitation. High spring rain may prolong isothermal conditions in the lake 
through the continued input of relatively colder precipitation and snowmelt. More 
persistent isothermal conditions would likely limit the transport of coarse particles to 
the core site and produce thinner coarse basal units. Overall, the lack of complexity in 
motif A is likely associated with fewer peak inflow events in summer and autumn 
(Fig. 5).  
Sedimentary couplets that contain sublaminae characterize motif B. Sediment 
grain size in the basal layer of each sublamination is similar to the primary 
spring/summer coarse unit, which suggests that these units are deposited during 
inflow events of similar magnitude that occur between October and May when the 
lake is fully stratified (Roop et al. 2015; Fig. 4).  However, we suggest that the thinner 
units reflect lower total suspended sediment flux due to lower total inflow volume, 
duration, or sediment availability. Sublaminae in motif B are similar to those 
documented in other records with complex lamination stratigraphy (Desloges and 
Gilbert 1994; Chutko and Lamoureux 2008; Cockburn and Lamoureux 2008) and 
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 reflect short-lived summer and autumn rain events. This interpretation is consistent 
with Roop et al. (2015), who observed discrete sublaminae deposited during summer 
inflow events and captured in sediment traps at the Outflow site. Further, each sub-
type of motif B includes several outliers in discharge during the stratified period in 
the summer and autumn (Fig. 5), which are likely responsible for producing the 
sublaminae characterizing motifs B and C. Type A2 is an exception, as it lacks 
sublaminae but has a summer hydrologic regime that includes numerous outliers in 
summer discharge; these peaks in inflow may be responsible for the proportionally 
thicker fine unit in A2 (compared to A1) and the lack of sublaminae potentially 
associated with internal lake dynamics. 
Motif B is subdivided into four sub-types based on the position and thickness 
of sublaminae. The stratigraphic position of the sublaminae may, in general, reflect 
the position of summer and autumn inflow events within the annual hydrograph (Fig. 
4). For example, sub-type B2 includes sublaminae that occur within the lower portion 
of the primary fine unit and has a characteristic hydrograph that is dominated by high 
magnitude spring and summer peaks in inflow (Figs. 4 and 5). In contrast, sub-type 
B1 includes sublaminae that occur within the upper portion of the primary fine unit 
and is characterized by a hydrograph with a greater concentration of peak inflow 
events in the autumn (Figs. 4 and 5). 
 Motif C is comprised of a thick fine (dense) unit that includes sublaminae 
thicker than those observed in motifs B. This stratigraphy suggests that these varves 
form in years that include extreme inflow events. These extreme event flows 
generally range between 880-1300 m3 s-1 and can deposit sediment at nearly double 
the average annual sedimentation rate (Roop et al. 2015).  
One annual hydrograph with a large (1,200 m3 s-1) peak inflow event 
correlates with motif sub-type B4 (Fig. 4) and highlights that misclassification can 
occur. However, general agreement between the Nash-Sutcliffe correlation and 
regression statistics show that all three major motifs, and sub-types, are characterized 
by unique annual hydrologic regimes (Fig. 4; Table 3). High correlation between 
spring discharge and varve motif (and sub-types) suggests that the primary hydrologic 
causes for the different varve types occurs in summer and autumn. During summer 
and autumn, characteristic hydrographs for motifs B and C contain significant outliers 
in discharge (Fig. 5), which likely produce complex laminae.  
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plex hydrograph displaying 
a high degree of variability throughout the annual cycle. M
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m
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s. Each of the three m
otifs is 
significantly different based on the N
ash-Sutcliffe m
odel accuracy statistic (Table 3). 
 
7 8
 Furthermore, general agreement between the stratigraphic position of 
sublaminae and the number and timing of anomalous summer-autumn inflow events 
(outliers) suggests that stratigraphic pattern and hydrodynamics are closely related. 
Monitoring data through winter (JJA) showed that isothermal conditions 
prohibit the transport and deposition of coarse material to the Outflow (Roop et al. 
2015). Therefore, changes in varve stratigraphy are interpreted as variations in the 
number and intensity of peak inflow events during the summer and autumn seasons. 
Specifically, the three primary motifs are interpreted to represent the following: (1) 
limited summer and autumn precipitation-driven inflow events (motif A; inferred 
drier summer catchment conditions); (2) frequent summer inflow events (motif B; 
inferred wetter summer catchment conditions); and (3) large magnitude summer 
inflow (flood) events (> 880 m3 s-1; motif C). 
 
Fig. 5: Outlier box plots organized by season for each of the varve types. The hydrographs 
used for this comparison are derived from a mean of all of the years characterized by each 
varve type. Outliers represent anomalous flow, or event flow. A higher density of inflow 
events, particularly in summer and autumn, characterizes motif B. 
 
 
3.4.3 Towards a hydroclimate-proxy model for the pre-instrumental era 
 
A link between varve stratigraphy and hydrology provides a foundation for 
developing a hydroclimate-proxy model for the Lake Ohau outflow site. This model, 
however, is complicated by a lack of pronounced statistical relationship between 
varve thickness and hydrology, indicating that important mediating variables are at 
play in the system which accentuate and/or decouple sediment deposition from 
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 sediment flux and transport—and hydroclimatic variables such as precipitation and 
inflow.  
The ability to characterize the hydrologic signal by the general accumulation 
pattern of the different motifs provides a potentially powerful tool for interpreting a 
longer sediment sequence. Recognizing a range of processes influences sedimentation 
in Lake Ohau, the demonstrated link between annual hydrology and sedimentary 
motif can be used to reconstruct pre-historic hydrology. Specifically, sedimentation 
patterns preserved in cores from the Outflow can be used to reconstruct the general 
shape of the annual hydrograph, with different sedimentological packages changing in 
response changes in summer and autumn hydrologic regimes. Given that each of the 
three major motifs are demonstrably different from one another, observed changes in 
sedimentary motif can be used to infer changes in seasonal event flow, and by 
extension storm events, experienced at Lake Ohau. Initial examination of the 5.5 m 
OH6m1c indicates that the range of facies described herein characterizes the majority 
of down-core sediment stratigraphy. Similar methods to those described here, 
including motif descriptions and layer-counting methods, will be employed to ensure 
we capture any pre-historic variations in the system that were not observed in this 
study of the instrumental era. Future work will also utilize reanalysis data and 
synoptic typing specific to New Zealand (Kidson 2000) to establish links to the 
climate system. The potential correlation between synoptic types and hydrology will 
allow for a more comprehensive interpretation of the hydroclimatic signal preserved 
in the Lake Ohau sedimentary sequence.  
 
3.5 CONCLUSIONS 
 
We have assessed the utility of sedimentary facies of different varve motifs from Lake 
Ohau to develop a hydroclimate-proxy model which links stratigraphy to the shape of 
the annual hydrograph. Few robust correlations result from our comprehensive 
statistical tests of the relationship between varve thicknesses and measured and 
modeled hydroclimatic variables such as precipitation and inflow at Lake Ohau. 
Varve thickness is a poor climate proxy at this site, due to the complex interplay 
between sediment flux and internal lake sediment transport processes. Seasonal 
thermal stratification, as documented by Roop et al. (2015), has a major influence on 
sediment accumulation throughout Lake Ohau.  
80
 Despite the lack of a clear relationship between varve thickness and 
hydroclimate, there is a quantitative relationship between sediment stratigraphy and 
summer and autumn inflow patterns. Three primary lamination types presented here 
represent years with:  (1) limited summer and autumn precipitation-driven inflow 
events (motif A); (2) frequent summer inflow events (B); and (3) large magnitude 
summer inflow (flood) events (> 880 m3 s-1; C). These relationships provide a tool for 
characterizing hydrology and storm event frequency for the longer pre-instrumental 
period. The method used here to compare hydrology and sedimentary facies may be 
of use for investigating and developing climate-proxy models from other sites where 
it is difficult to quantitatively link varve thickness and hydroclimatic variability. 
Overall, this work provides a solid foundation for the development of the Lake Ohau 
paleoclimate record and is a step towards addressing the current paucity of high-
resolution terrestrial paleoclimate reconstructions from the Southern Hemisphere mid-
latitudes. 
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Supplementary Fig. 1: Example of the relationship between particle size and the less dense 
(light) and more dense (dark) portions of the X-ray positives. The light layers are consistently 
associated with coarser particles (modal size > 8 µm), while the darker layers are associated 
with finer particles (modal size 3.7 µm). The range of particle size fractions is similar to those 
measured in cores and sediment traps by Roop et al. (2015). 
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Site
(listed from 
south to north up 
the catchment)
Temporal Increment Varve Type 
(All refers 
to full time- 
series)
Meteorological 
Variable
Total Varve 
Thickness
Coarse Unit 
Thickness
Fine Unit 
Thickness
Fine Unit 
without 
Interbeds 
Thickness
Interbed 
Thickness
r p r p r p r p r p
Freehold Creek Total SON All -0.29 0.08
Freehold Creek Total SONDJF All Precipitation 0.20 0.07
Freehold Creek Total MAMJJA All Precipitation -0.30 0.06
Freehold Creek Avg MAMJJA All Precipitation -0.30 0.07
Freehold Creek Total JJA All Precipitation -0.38 0.02
Freehold Creek Total JJA All Precipitation -0.36 0.03
Greta Stream Total Annual All Precipitation -0.28 0.09
Greta Stream Total SON All -0.36 0.03
Greta Stream Total MAMJJA All Precipitation -0.28 0.09
Greta Stream Total JJA All Precipitation -0.32 0.05
Greta Stream Total JJA All Precipitation -0.28 0.09
Lower Dobson Total SON All -0.32 0.05
Lower Dobson Total MAMJJA All Precipitation -0.27 0.10
Lower Dobson Total JJA All Precipitation -0.35 0.03
Lower Dobson Total JJA All Precipitation -0.34 0.04
Lower Hopkins Total SON All -0.31 0.06
Lower Hopkins Total SONDJF All Precipitation 0.30 0.11
Lower Hopkins Total MAMJJA All Precipitation -0.29 0.08
Lower Hopkins Total MAMJJA All Precipitation -0.29 0.08
Lower Hopkins Total JJA All Precipitation -0.34 0.04
Total SON Type A -0.41 0.05
Total SON All -0.29 0.08
Total SON All Precipitation -0.26 0.11
Total DJF Type C 0.55 0.08
Average DJF Type C 0.55 0.09
Total SONDJF All -0.23 0.04
Average SONDJF All -0.23 0.04
Total MAMJJA All Precipitation -0.32 0.05
Total MAMJJA All Precipitation -0.33 0.04
Total JJA Type A -0.37 0.08
Total JJA All -0.20 0.08
Total JJA All -0.20 0.08
Total JJA All Precipitation -0.41 0.09
Average JJA All -0.20 0.08
Average JJA Type A -0.37 0.08
Upper Dobson Total SON All -0.32 0.05
Upper Dobson Total MAMJJA All Precipitation 0.28 0.10
Upper Dobson Total JJA All Precipitation -0.29 0.08
Upper Dobson Total JJA All Precipitation -0.32 0.05
Upper Hopkins Total SON All Precipitation -0.29 0.08
Upper Hopkins Total JJA All Precipitation -0.35 0.03
Upper Hopkins Total JJA All Precipitation -0.26 0.11
Supplementary Table 2 Example of Spearman’s rank correlations between hydrometeorological variables, varve thickness and varve motif. Correlations 
the instrumental record. See Methods for a list of all correlations tested in this study and a description of temporal increments.
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CHAPTER 4 
 
 
Hydroclimate variability and regional atmospheric circulation over the past 1,350 
years reconstructed from Lake Ohau, New Zealand 
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  ABSTRACT 
 
The current lack of high-resolution paleoclimatic records from the Southern 
Hemisphere mid-latitudes limits our ability to place observed climate over 
instrumental record in context with the preindustrial period. Continuous, high-
resolution terrestrial records of climate offer a means with which to fill this gap. Here 
we present a 1,350-year record of hydroclimatic variability and regional circulation 
derived from an annually laminated sediment record from Lake Ohau, South Island, 
New Zealand. The clastic laminae in Lake Ohau can be subdivided into three major 
motifs, each of which is associated with changes in the frequency of summer and 
autumn precipitation-induced inflow events, or relative wet/dry conditions. Inflow 
and precipitation in New Zealand’s western South Island climate district are well 
correlated with a regional synoptic climate regime classification scheme that 
associates 1,000-hPa geopotential height synoptic patterns with temperature and 
precipitation anomalies across New Zealand. Utilizing this classification scheme to 
assign synoptic regimes to 25-year time slices from Lake Ohau and a nearby tree-ring 
temperature reconstruction from Oroko Swamp provides a means to generate a paleo-
atmospheric circulation index for the western South Island of New Zealand. This 
circulation index shows significant periods of change, most notably 835 – 985 AD 
when northerly airflow dominated and from 1385 – 1710 when strong southerly 
airflow persisted. Comparison with regional reconstructions of SAM and ENSO show 
both in-phase and anti-phase relationships, which point to the oscillating role of the 
high-latitudes and tropics as drivers of New Zealand’s climate over the last ~1,350 
years. A notable shift in circulation occurs during the ‘Little Ice Age’ (1385-1710 
AD) and coincides with a negative phase SAM and weak tropical teleconnection, 
which highlights the role that these phenomena can play in driving climate across the 
South Pacific. 
 
 
 
 
 
 
Keywords: Southern Hemisphere; varves; paleocirculation; SAM; ENSO 
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4.1 INTRODUCTION 
 
Detailed understanding of past and projected variability in climate systems operating 
in the Southern Hemisphere (SH) is, in part, limited by the paucity of high-resolution 
paleoclimate reconstructions from this region (Mann and Jones, 2003; Mann et al., 
2008; Neukom and Gergis, 2012). In the SH mid- to high-latitudes, instrumental 
measurements show that on inter-annual timescales the distribution of precipitation 
and temperature is strongly controlled by synoptic climate drivers originating in both 
the tropics and Antarctica (Ummenhofer et al., 2009; Renwick, 2011; Ding et al., 
2012 Abram et al., 2014). Two primary SH climate drivers are the Southern Annular 
Mode (SAM) and the El-Niño-Southern Oscillation (ENSO), which influence both the 
strength and position of the SH westerly winds and consequently regional temperature 
and rainfall patterns (e.g. Ummenhofer and England, 2007; Fogt et al., 2011; Abram 
et al., 2014).  
However, trends over the instrumental period point to significant 
anthropogenic influences including the recent persistence of the positive phase SAM, 
which is attributed mainly to stratospheric ozone depletion and greenhouse gases 
(Thompson et al., 2011). Existing instrumental records are too short to confidently 
attribute anthropogenically-driven climate impacts to the observed inter-decadal and 
multi-decadal variability in ENSO (Stevenson et al., 2012; Li et al., 2013). Thus, the 
amplitude, timing and interdependence of SAM and ENSO remain poorly constrained 
beyond the instrumental record, limiting understanding of the range of natural 
variability in these systems (Neukom and Gergis, 2012; Li et al., 2013; Abram, et al., 
2014).  
 Because these drivers can vary on daily to annual (SAM) and decadal 
(ENSO) timescales (Fogt and Bromwich, 2006; Yeo and Kim, 2015), highly resolved 
proxies (annual to decadal) are required to reconstruct variability in these features. 
Improving the spatial and temporal coverage of such reconstructions is challenging 
because the core of the SH westerlies is only intersected by a few landmasses, 
limiting the regions from which high-resolution terrestrial climate records can be 
generated (Fig. 1; Neukom and Gergis, 2012). New Zealand’s South Island intersects 
the SH westerly winds in the SW Pacific basin. Thus, temperature and precipitation 
fields over the western South Island (WSI) are accordingly well correlated with both 
ENSO and SAM (Renwick, 2011; Jiang et al., 2013; Lorrey et al., 2014). This 
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  suggests that the WSI is particularly well situated for examining variability in, and 
interactions between, these synoptic climate features affecting the entire SH.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: The circumpolar westerly winds are a key feature of Southern Hemisphere 
atmospheric circulation, and are only intercepted by a few landmasses. Long-term (1948-
2014) mean zonal wind speeds from reanalysis data provided by NOAA/OAR/ESRL PSD 
(www.esrl.noaa.gov/psd/).  
 
 
One of the first clastic varve sequences identified in New Zealand was 
recently recovered from Lake Ohau in the WSI (Fig. 2; 44.234°S, 169.854°E), and 
may be a powerful tool for investigating the interplay between the southern high 
latitude and equatorial circulation patterns beyond the instrumental period. In 
particular, the stratigraphy of this lacustrine record records changes in austral warm 
period (December-May) inflow (Roop et al., accepted (Chapter 3)). Constraints on 
timing and amount of lake inflow can help to determine variability in hydrologic 
resources including the length and duration of drought or flood conditions. 
Furthermore, regional precipitation and inflow are sensitive to subtle changes in the 
strength and direction of westerly airflow (Salinger et al., 2004; Lorrey et al., 2007; 
Ummenhofer and England, 2007). Therefore, precipitation- and inflow-sensitive 
proxies from New Zealand can provide an important perspective on paleo-
atmospheric circulation.  
Specifically, we construct a WSI paleo-atmospheric circulation index derived 
from the reoccurrence of inflow-sensitive varve facies from Lake Ohau over the last 
1.3 ka in combination with a regional tree-ring-derived summer temperature 
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  reconstruction (Cook et al., 2002). This index is based on the regional climate regime 
classification scheme and associated temperature and precipitation anomalies defined 
by Kidson (2000). While the climate regimes and types characterize local circulation 
patterns, they also show annual and seasonal sensitivity to tropical and SH high-
latitude synoptic circulation patterns including SAM and ENSO (Table 2; Kidston et 
al., 2009; Jiang et al., 2011; Renwick, 2011; Jiang et al., 2013). Therefore, 
reconstructed changes in Kidson regimes are interpreted as the result of specific 
combinations in the strength and phase of these synoptic climate drivers back in time. 
Comparisons of this southern New Zealand circulation index to recently published 
SAM (Abram et al., 2014) and ENSO (Li et al., 2013) reconstructions help to 
elucidate the varying influence of tropical and austral high latitude climate drivers on 
late Holocene climate in southern New Zealand, and the broader South Pacific region. 
 
4.1.1 Geographic and Climatic Setting  
 
Lake Ohau is situated in the WSI climate district as defined by Kidson (2000; Fig. 
2A). The headwaters of the lake lie in the Southern Alps and experience ~76% higher 
precipitation than the lake itself (Roop et al., 2015 (Chapter 2); Fig 2B). This gradient 
is the result of overspill of orographic precipitation along the axial Southern Alps, 
which intersect westerly airflow (Fig. 2B, Sinclair et al., 1997). 
In the Pacific sector of the SH, westerly wind circulation is influenced by a 
combination of high-latitude and tropically induced variability associated with SAM 
and ENSO, respectively (Ummenhofer and England, 2007; Renwick, 2011; Ding et 
al., 2012; Jiang et al., 2013). The SAM, also known as the Antarctic Oscillation, is 
described by the zonally symmetric dipole in sea level pressure between 60°S and 
40°S, and serves as a measure of westerly airflow (Marshall, 2003). The SAM is 
associated with up to 64% of year-to-year variability in WSI precipitation during 
austral summer (December to February (DJF); Ummenhofer et al., 2009). It is 
therefore expected to have a strong influence on Lake Ohau climate and the climate-
proxy record preserved in the sediments, as lake inflow and sediment accumulation 
are greatest during the austral warm period (Roop et al., 2015). 
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  Fig. 2: A) Long-term mean sea surface temperature (SST) from HadISST (Hadley Centre Sea 
Ice and Sea Surface Temperature dataset), geopotential height (m) at 1000-hPa and zonal 
wind contours at 500 hPa from NCEP reanalysis (NOAA/OAR/ESRL PSD; 
www.esrl.noaa.gov/psd/) showing the regional oceanic and atmospheric setting of the New 
Zealand region. Inset map of New Zealand’s six climate districts as defined by Kidson (2000) 
and regional paleoclimate studies referred to in this study. B) Hydrologic setting of Lake 
Ohau, including location of local glaciers (see Section 4.3.2). 
 
While SAM primarily results from high-latitude atmospheric dynamics, the 
intensity, latitudinal position and variability of the SAM are also influenced by 
meridional circulation initiated in the central tropical Pacific (Ding et al., 2012; 
Kidson, 1998). In particular, ENSO and SAM show significant correlation that is 
strongest during austral summer and winter (Fogt and Bromwich, 2006; L’Heureux 
and Thompson, 2006; Fogt et al., 2011; Ding et al., 2012). ENSO is a coupled 
oceanic-atmospheric climate mode whose intensity is frequently described by sea 
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  surface temperature (SST) anomalies in regions of the central tropical Pacific Ocean 
(e.g. in the Niño 3.4 region, positive anomaly = El Niño, negative anomaly = La Niña; 
See Chapter 1). These SST fluctuations are linked to variations in the SAM through 
the origin, position and propagation of planetary atmospheric (Rossby) waves, which 
in turn influence the position of the mid-latitude jet (Grassi et al., 2005; Ding et al., 
2012). Approximately 25% of the variance in SAM has been attributed to ENSO 
through similar mechanisms (L’Heureux and Thompson, 2006).  
However, understanding of the relationship between high-latitude and 
equatorial Pacific zonal circulation is complicated by short instrumental records 
(~100 years), which reflect both natural variability and that forced by anthropogenic 
influences including stratospheric ozone depletion and greenhouse gas-induced 
warming (Thompson and Solomon, 2002; Thompson et al., 2011). The Lake Ohau 
varved record, enhanced by comparison with similarly-resolved records of SAM 
(Abram et al., 2014) and ENSO (Li et al., 2013) from other regions, aims to explore 
circulation patterns and the relative role of the tropics and SH high-latitudes as drivers 
of regional and South Pacific climate over the last 1,350 years.  
 
4.2 ANALYTICAL APPROACH AND RESULTS 
 
A 5.5 m-long Mackereth core (OH6m1c) was collected from the Lake Ohau Outflow 
site in October 2012 and is the focus of this research. Correlation between gravity 
core GCS_1 (collected May 2013 from the same location as OH6m1c, and includes 
the sediment water interface) indicates that the core top of OH6m1c represents varve 
year 2010. A varve year is defined as September 1st - August 31st (Roop et al., 
accepted (Chapter 3)).   
 
4.2.1 Age Model Development 
 
Age model development for the 5.5-m Lake Ohau sedimentary sequence is on its own 
a dedicated research investigation as part of the broader Lake Ohau climate history 
project. The full details of the dating and age model development are being prepared 
for subsequent publication (Vandergoes et al., in prep.) but are summarized here and 
in the supplementary information. 
The age model for core OH6m1c is constructed from a combination of 
methods. First, manual layer counts were conducted using thin-sections and X-
radiographs (following Roop et al., accepted (Chapter 3)). Each laminae was counted, 
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  measured and described according to the facies model outlined in Chapter 3 
(Supplementary Fig. 2).  A ‘varve year’ is assigned to each couplet based the 
occurrence of a sharp density change in the X-radiographs and a visual change in 
particle size observed in thin-section. Multiple operators were used for manual layer 
counting to 60 cm. A single operator applied the established criteria to count to the 
base of OH6m1c. Manual layer counts yielded a total of 1379 years, equivalent to 632 
AD.  Secondly, direct and independent ages from 137Cs analysis, pollen marker 
horizons (Supplementary Methods Fig. 1), radiocarbon dating of terrestrial plant 
macrofossils and Cladocera spp. (water flea) concentrates were used to provide 
independent age control for the Lake Ohau age model (see Supplementary Methods).  
Both the layer counts and independent chronologies were integrated using the 
P_Sequence prior model in OxCal 4.2.4 to produce an age model for the Ohau6m1c 
core (Bronk Ramsey and Lee, 2013). The P_Sequence prior model can incorporate 
information about random variability in sedimentation processes as opposed to other 
models such as the U_Sequence model where sedimentation processes are held 
constant (Bronk Ramsey, 2008). The specific design of the P_Sequence prior model 
makes it particularly suitable for capturing uncertainty associated with layer count 
chronologies, such as complex annual or missing layers, while at the same time 
integrating independent chronological data (Bronk Ramsey 2008). The ability to 
capture uncertainty associated with anomalous layers is important for accurate age 
modeling of the Ohau6m1c core because the layer counts for the full 6m sequence 
were derived from a single operator and lack estimates of error.  The set up of the 
P_Sequence model for Ohau6m1c is outlined in the Supplementary Methods and 
follows published methodologies (e.g. Blockley et al., 2007; 2008; Bronk Ramsey, 
2008). The chronology produced by the model provides an average precision of ±25 
years (2σ) and a basal age of 646±86 AD (2σ). 
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Fig. 3: A) Calendar year age model for the Lake Ohau record based on 137Cs, 14C dating, and 
age marker horizons including pollen and layer counting. The chronological model was 
produced in OxCal v4.2.4 (Bronk Ramsey, 2013) using the SHCal 13 calibration curve (Hogg 
et al. 2013). The model uses the P_sequence algorithm applied against layer counts. The 
figure includes the calendar age likelihood (light grey and light green) and posterior 
probability density functions (dark grey and dark green), as well as the age models at the 95% 
level of confidence. Colored sections (teal, purple, red, green, and blue) reflect four noted 
changes, or boundaries, in sedimentation rate as determined by varve motif (e.g. Change 1; 
see text). The y-axis refers to layer count position. 
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  4.2.2 Varve Classification and Distribution 
 
The lamination stratigraphy in OH6m1c is characterized by three primary motifs 
(labeled A, B and C) (Table 1; Supplementary Fig. 1; Roop et al., accepted (Chapter 
3)). Each motif results from different hydrologic conditions during the austral warm 
period (December - May (DJFMAM)) when rainfall and associated sedimentation are 
highest (Roop et al., accepted (Chapter 3)). Motif A is produced under inferred 
average-to-below (dry) lake inflow conditions. Motif B is characterized by thin silt 
layers, which form as a result of frequent precipitation-induced inflow events 
throughout the austral warm period. Motif B is the most frequently occurring type 
during the instrumental record and is interpreted to represent average-to-above (wet) 
inflow conditions. Over the instrumental record, total seasonal inflow between 
December and May is on average 14% greater during years characterized by motif B 
than years defined by motif A. 
Motifs A and B therefore represent an aggregate of the seasonal conditions 
prevailing during their deposition (e.g. summers with multiple inflow events). In 
contrast, Motif C laminae form in response to extreme inflows, or floods, which our 
observations suggest may be the result of individual short-duration (hours) but 
intense, and often single meteorological events. The significant change in sediment 
and water flux into the lacustrine system during these events subsequently masks the 
annual sediment cycle (Roop et al., 2015). By linking sedimentation patterns to inflow 
we are further able to associate sediment deposition directly with rainfall, as 
headwater precipitation in the Ohau catchment and inflow are correlated at r = 0.74, p 
= 0.0001 (Roop et al., accepted (Chapter 3)). These relationships form the basis of the 
methodological approach and interpretations.  
Each varve is characterized as one of these three motifs (Table 1). To examine 
the frequency distribution of each motif over time, the number of occurrences of 
motifs A, B and C were counted in 25-year increments (Fig. 4A). A 25-year bin was 
used as it approximates the 2σ uncertainty associated with the age model (±25 years) 
and is of sufficient length to associate variability with potential shifts in the base 
climate state (Lorrey et al., 2014). As the focus for this chapter is on seasonal average, 
rather than event-dominated conditions, we omit motif C from further analysis for this 
study.  
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Table 1 Characteristics of the three primary varve motif preserved in OH6m1c. Descriptions 
and interpretations adapted from Roop et al. (accepted (Chapter 3)). 
 *After Roop et al. (accepted (Chapter 3)); ^See Supplementary Fig. 2 for distributions 
 
 
To examine seasonal conditions over the last 1,350 years, the counts of motifs 
A and B in each 25-year bin were treated in three steps. First, the frequency of 
occurrence of motifs A and B were converted to an anomaly relative to the 20th 
century by subtracting the mean of the 25-year bin occurrences between 1900-1999 
(motif A = 7.5; motif B = 14.75) of each motif. Second, these anomalies were 
converted to a ratio of B/A (Fig. 4B). This ratio is used as a relative index of ‘wet’ to 
‘dry’ austral warm period conditions based on the relationship between varve motif, 
inflow and precipitation with positive values indicting an increase in motif B, or wet 
conditions. Finally, this wet/dry index was linearly detrended to remove insolation 
and CO2 forcing effects (Fig. 4B). This helps to isolate changes resulting specifically 
from variability in atmospheric circulation (Lorrey et al., 2008).  
 
4.2.3 Regional Climate Regime Classification 
 
A Regional Climate Regime Classification (RCRC) for New Zealand (Kidson, 2000) 
provides a basis for interpreting paleoclimate proxy data in the context of paleo-
atmospheric circulation patterns (Lorrey et al., 2007; 2008; 2014). The RCRC is 
based on twelve different synoptic weather types (Fig. 5; Kidson, 2000), determined 
using a k-means clustering of twice-daily fields of 1,000-hPa height from the National 
Centers for Environmental Prediction/National Center for Atmospheric Research 
(NCEP/NCAR; Kidson, 2000; Lorrey et al., 2014).  These synoptic types are then 
grouped into three regimes: Trough, Zonal and Blocking, which represent similar 
synoptic situations (Fig. 5; Kidson, 2000).  
  
Varve Motif A B C 
Basic Description* Fine silt unit 
grading into a very 
fine silt unit, lacks 
sublaminae. 
Fine silt unit 
grading to a very 
fine silt unit 
containing one or 
more matrix 
supported fine silt 
sublaminae 
Fine silt basal unit grading 
into a thick (~3.5 mm) 
ungraded fine silt layer; one 
or two silt laminae 
commonly occur 
immediately above the basal 
unit.  
Median Thickness^ 2.50 mm 4.26 mm 8.54 mm 
Percent of Record  40.0 % 56.3 % 3.7 % 
Climate 
Interpretation  
Average-to-below 
inflow/precipitation 
Average-to-above 
inflow/precipitation 
Flood Event-dominated 
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  The Trough regime primarily results in unsettled conditions over New 
Zealand, with the Zonal regime characterized by strong westerly airflow, while the 
Blocking regime is associated with settled, anti-cyclonic conditions (Kidson, 2000; 
Renwick, 2011).  
To categorize and calculate the temperature and precipitation anomalies that 
result from these different synoptic regimes, Kidson (2000) utilized the six climate 
districts determined by Mullan (1998; Fig 2A; Fig. 6). These districts were designated 
based on mean monthly precipitation and temperature departures measured across 
New Zealand (Fig. 6; Mullan, 1998; Kidson, 2000). This regional classification and 
the associated anomalies are also linked to extreme rainfall events and river inflows in 
New Zealand, with Trough conditions being predominately associated with the 
unsettled conditions that lead to these events on the South Island (McKerchar et al, 
2010; Griffiths, 2011).  
To determine whether a particular regime type influences Lake Ohau inflow, 
and by extension sediment accumulation patterns, an analysis the prevailing synoptic 
conditions immediately prior to peak inflow was conducted for all 159 inflow events 
exceeding 400 m3 s-1 between 1948 and 2011 (after McKerchar et al., 2010). Synoptic 
conditions were considered preceding the inflow event by 12-hours, as there is a lag 
between rainfall and the resultant hydrologic response (after McKerchar et al., 2010).  
 
4.2.4 Assigning Paleo-regimes 
 
For each 25-year bin of the B/A wet/dry index (Fig. 4B), a scale was used to assess 
the extent to which calculated inflow within each bin of the B/A index was above, 
below or near normal. For this scale, shifts to values above (below) one were assigned 
as wetter (drier) conditions at Lake Ohau. Values between 0 and 0.5 (-0.5) were 
assigned normal-to-above (-below) conditions, while zero indicated ‘normal’ 
conditions. The cut-offs on this scale were assigned arbitrarily, but serve as a means 
for categorizing and classifying these data. The results of this scaling for each 25-year 
time slice are summarized in the second column of Table 3. The scale is the first step 
in categorizing the Ohau proxy data in order to determine the dominant weather 
regime (i.e. Zonal, Blocking or Trough; see below). 
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  Fig. 5: Twelve different synoptic types grouped into three Kidson regimes (after Renwick, 
2011). The percent occurrence from 1948 to 2013 is shown at the top of each box. Contours 
are 1,000-hPa geopotential height (m). Where: T= westerly flow, low near South Island (SI); 
TNW= Trough to west of New Zealand (NZ); SW= south-west flow, high to north-east; H= 
high over NZ; HNW= High west of North Island (NI); W= westerly flow, high over NI; 
HSE= high to south east of NZ; HE= High to east of NI; NE = north-east flow; HW= high to 
west of SI; and R= high over SI (after Kidson (1994)). 
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  Fig. 6: Precipitation (%) and temperature (°C) anomalies for New Zealand’s climate districts 
(after Kidson, 2000). Anomalies are based on the analysis of Renwick (2011) for Trough, 
Zonal and Blocking regimes spanning the period of 1958-2010. Figure modified from Lorrey 
et al. (2014). 
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  Table 2 Kidson regimes and types with occurrence over the instrumental record and 
relationship with Ohau inflow events and associated synoptic climate features over 
DJFMAM.  
*From Renwick, 2011 
 
A similar scale was applied to the summer temperature tree-ring 
reconstruction from Oroko Swamp, which extends to 900 AD (Fig. 2A, 4C; Cook et 
al., 2002). Oroko Swamp is situated in the WSI where tree-ring width was determined 
to be most sensitive to changes in austral summer temperature, when maximum 
growth occurs (Cook et al., 2002). The Oroko temperature time-series was averaged 
with a 25-year running smooth, normalized to average 20th century air temperature 
(Cook et al., 2002 and references therein), and then linearly detrended (Fig. 4C). For 
the Oroko data, shifts to values above (below) one were assigned as warmer (colder) 
with shifts between 0 and 0.5 (-0.5) as average-to-above (-below) conditions. The 
results of the scaling for the Oroko time-series are presented in the third column of 
Table 3. 
Indices of wet/dry and warm/cool in 25-year bins at both Lake Ohau and 
Oroko Swamp respectively can be assigned to characteristic RCRC regimes based on 
the precipitation and temperature anomalies described by Kidson (2000; Fig. 6). For 
example, in a period characterized by wet conditions at Ohau and cold conditions at 
Oroko equate to a Trough/Trough (T/T) regime because troughs are associated with 
both a positive precipitation anomaly and a negative temperature anomaly in the WSI 
(Fig. 6). Table 3 summarizes the combinations of Ohau/Oroko RCRC regimes 
spanning from 2010-900 AD. 
Next, the different combinations of Zonal, Blocking and Trough regimes as 
indicated by both Ohau and Oroko time-series were weighted on a scale ranging from 
Kidson 
Regimes 
Wind 
Direction/ 
WSI 
Conditions* 
Occurrence 
(1948-2013) 
Association 
with Ohau 
Inflow Events 
(≥400 m3 s-1) 
Association with  
SOI* 
 
 
Association 
with  
SAM* 
Trough 
 
Mixed/Wet, 
Cold 
32.3% 57.6% > during negative 
SOI (El Niño) 
> during 
negative SAM 
Zonal 
 
Westerly & 
South-
westerly/Wet-
Normal, 
Warm 
21.7% 24.7% > during negative 
SOI (El Niño) 
> during 
positive SAM 
Blocking 
 
Northerly & 
Easterly/Dry, 
Warm 
46% 17.7% > during positive 
SOI (La Niña)  
> during 
positive SAM 
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  2 to -2, with Zonal as the center point (Zonal = 0; Table 4). Additional regime 
combinations have a low probability of occurrence based on the analysis of Kidson 
(2000; Table 4). This 2 to -2 scaling scheme is used to infer synoptic conditions at 
both Ohau and Oroko with the average value of the two sites used to assess the 
agreement between the two locations. For example, during the 2010-1985 bin the 
average between the Ohau (T = -2) and Oroko (Z-B= 1) is -0.5, suggesting zonal to 
weakly trough conditions. 
The regimes reconstructed for Oroko Swamp should agree, as they are in the 
same climate district, but differences can arise from issues with chronology, 
averaging effects, or heterogeneity within the climate district (Kidson, 2000). These 
sites also sit on opposite sides of the Southern Alps. To better assess the agreement 
between the regimes reconstructed from Lake Ohau and Oroko Swamp, uncertainty 
was calculated based on the standard deviation of the assigned regime scaling at each 
site and 1.25 (the standard deviation of the 2 to -2 scale; Table 4). Low uncertainty in 
the regime assignment is found when the combined synoptic types are similar, like 
ZB-B. This combination has an uncertainty of ±0.52 (ZB-B uncertainty = standard 
deviation of 1 (ZB), 2 (B), and 1.25). The B/T combination results in greatest 
uncertainty (±1.93). When there are combinations of climate regimes (e.g. Zonal-
Blocking) a level of uncertainty is applied even if both sites agree. This uncertainty 
arises because a single, uniform regime cannot be assigned when conditions are 
average-to-above (-below) as the temperature and precipitation anomalies associated 
with these conditions can often be attributed to at least two different regimes (Fig. 6). 
Table 3 summarizes the synoptic conditions inferred from Ohau, Oroko and for the 
WSI as a result of the comparison of Ohau and Oroko. Overall, these scaling methods 
and the site comparison results in a WSI Circulation Index (WSI-CI), which 
characterizes synoptic conditions back to 900 AD (Fig. 4D).  
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  Table 3 Twenty-five year time slices of inflow (Ohau) and temperature (Oroko) conditions, 
inferred synoptic regimes, and synoptic conditions (and error) based on the comparison 
between Ohau and Oroko. See Table 4 for Ohau-Oroko regime and uncertainty metric.  
W=Wet; N=Normal; D=Dry; Avg=Average, Abv=Above, Blw=Below, Z=Zonal, B=Blocking, 
T=Trough and combinations thereof (e.g. N-D=Normal-Dry). Shaded area, interpreted as the ‘Little 
Ice Age’ is discussed in Section 4.3.2. 
 
Year 
(AD) 
Ohau 
Precip. 
Pattern 
Oroko 
Temp.  
Pattern 
Inferred 
Ohau 
Regime 
Inferred 
Oroko 
Regime  
Ohau 
Regime 
Scaling  
 Oroko 
Regime 
Scaling 
Ohau-
Oroko 
Regime  
Uncertainty 
for Ohau-
Oroko  
2010 W Avg-Abv T Z-B -2 1 -0.5 1.62 
1985 N Avg-Abv Z Z-B 0 1 0.5 0.66 
1960 N-D Blw Z-B T 1 -2 -0.5 1.62 
1935 N Avg Z Z 0 0 0 0.00 
1910 N-D Avg Z-B Z 1 0 0.5 0.66 
1885 N Avg Z Z 0 0 0 0.00 
1860 N-D Avg-Abv Z-B Z-T 1 -1 0 1.31 
1835 N Abv Z B 0 2 1 1.01 
1810 N-W Avg-Abv Z-T Z-B -1 1 0 1.31 
1785 N-D Avg-Abv Z-B Z-T 1 -1 0 1.31 
1760 N-D Avg-Abv Z-B Z-B 1 1 1 1.01 
1735 N Avg Z Z 0 0 0 0.00 
1710 W Avg T Z -2 0 -1 1.01 
1685 N Avg-Abv Z Z-B 0 1 0.5 0.66 
1660 N-B Avg Z-B Z 1 0 0.5 0.66 
1635 N-B Avg-Abv Z-B Z-T 1 -1 0 1.31 
1610 N-B Avg-Abv Z-B Z-T 1 -1 0 1.31 
1585 N Avg Z Z 0 0 0 0.00 
1560 N-W Avg Z-T Z -1 0 -0.5 0.66 
1535 W Blw T T -2 -2 -2 0.43 
1510 N-B Abv Z-B B 1 2 1.5 0.52 
1485 N-W Avg-Abv Z-T Z-B -1 1 0 1.31 
1460 N-B Avg Z-B Z 1 0 0.5 0.66 
1435 N-W Avg Z-T T -1 -2 -1.5 0.52 
1410 N Blw Z T 0 -2 -1 1.01 
1385 N Avg-Abv Z Z-B 0 1 0.5 0.66 
1360 N Avg Z Z 0 0 0 0.00 
1335 N Avg Z Z 0 0 0 0.00 
1310 N Avg Z Z 0 0 0 0.00 
1285 N-W Avg-Abv Z-T Z-B -1 1 0 1.31 
1260 N Avg-Abv Z Z-B 0 1 0.5 1.01 
1235 N Abv Z B 0 2 1 1.01 
1210 W Avg-Abv T Z-B -2 1 -0.5 1.62 
1185 N Avg-Abv Z Z-B 0 1 0.5 0.66 
1160 N Abv Z B 0 2 1 1.01 
1135 N Avg-Abv Z Z-B 0 1 0.5 1.01 
1110 N Avg-Abv Z Z-B 0 1 0.5 0.66 
1085 N Blw Z T 0 -2 -1 1.01 
1060 N Avg-Abv Z Z-T 0 -1 -0.5 0.66 
1035 N Avg-Abv Z Z-T 0 -1 -0.5 0.66 
1010 N-D Blw Z-B T 1 -2 -0.5 1.62 
985 N Avg-Abv Z Z-B 0 1 0.5 1.01 
960 N-D Avg-Abv Z-B Z-B 1 1 1 1.01 
935 N Abv Z B 0 2 1 1.01 
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  Table 4 The scale used for comparing and classifying the differences in regional climate 
regime classifications between Lake Ohau and Oroko Swamp. Uncertainty for each 
combination is calculated using the standard deviation of the regime scale and associated 
scaling for each regime, or combination of regimes.  Regimes defined after Kidson (2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 SYNTHESIS & DISCUSSION 
 
4.3.1 RCRC Regimes, Lake Ohau Inflow and WSI Climate 
 
Changes in the relative frequency of occurrence of motifs B and A at Ohau and 
summer temperature at Oroko during the ~1,000-year period of overlap between the 
two records allows for assignment of the dominant synoptic weather regime to each 
25-year time interval. While New Zealand climate anomalies and the RCRC are well 
correlated (Fig. 5, Renwick, 2011), it is important to confirm that synoptic regimes 
(and types) are specifically representative of Lake Ohau inflow. A comparison 
between inflow events and RCRC regimes/types from 1948-2011 shows that Trough 
Regional Climate Regime 
Combinations 
Regime 
Scaling 
Uncertainty of 
Regime Assignment 
Blocking 2 0.43 
Blocking/Zonal-Blocking 1.5 0.52 
Zonal-Blocking/Blocking 1.5 0.52 
Zonal-Blocking 1 1.01 
Blocking-Zonal 1 1.01 
Zonal-Blocking/Zonal 0.5 0.66 
Zonal/Zonal-Blocking 0.5 0.66 
Zonal 0 0.00 
Zonal/Zonal-Trough -0.5 0.66 
Zonal-Trough/Zonal -0.5 0.66 
Zonal-Trough -1 1.01 
Tough-Zonal -1 1.01 
Zonal-Trough/Trough -1.5 0.52 
Trough/Zonal-Trough -1.5 0.52 
Trough -2 0.43 
Additional Regime Combinations 
Blocking/Trough 0 1.93 
Trough/Blocking 0 1.93 
Zonal-Trough/Zonal-Blocking 0 1.31 
Zonal-Blocking/Zonal-Trough 0 1.31 
Zonal-Blocking/Trough -1 1.62 
Trough/Zonal-Blocking -1 1.62 
Blocking/Zonal-Trough 1 1.62 
Zonal-Trough/Blocking 1 1.62 
Zonal/Blocking-Trough 0 1.67 
Blocking-Trough/Zonal  0 1.67 
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  and Zonal conditions are associated with 82% of inflow events ≥ 400 m3 s-1 (Table 2), 
consistent with WSI precipitation anomalies.  This, in addition to the correlation 
between Ohau inflow and regional precipitation demonstrated in Chapter 3 suggest 
that changes in the RCRC regimes can indeed be reconstructed from changes in the 
B/A ratio. Additional support for decadal to century scale changes in the predominant 
weather regime over WSI comes from temperature anomalies as represented by tree-
rings from Oroko Swamp in the same climate district (Lorrey et al., 2008). 
Importantly, the RCRC regimes and their association with synoptic climate 
drivers, including SAM and ENSO, are well established over the instrumental period, 
with pronounced differences in the austral warm period (December-May; Table 2; 
Renwick, 2011; Jiang et al., 2013). However, different combinations of hemispheric-
scale climate drivers such as SAM and ENSO can result in similar responses in 
regional synoptic circulation patterns (Lorrey et al., 2014). For example, the 
combination of SAM and ENSO generates a significant response over the 
instrumental and paleo-records. A wetter and colder WSI occurs when both El Niño 
(positive SOI) and negative SAM occur in tandem (Table 2; Lorrey et al., 2007; 2014; 
Renwick, 2011). Estimates of the relative roles of these hemispheric-scale processes 
can be better resolved through comparison with other regional reconstructions of 
these circulation patterns (see Future Directions). Overall, the WSI circulation index 
(WSI-CI), paired with regional reconstructions of the SAM and ENSO (tropical SST), 
enables a meaningful discussion of these teleconnections and their potential 
variability over the last 1,000 years where proxy datasets overlap.  
 
4.3.2 Paleocirculation History of the Western South Island 
 
The assignment of RCRC to the 25-year binned inflow and temperature 
reconstructions results in the WSI-CI (Fig. 7A). This index shows distinct periods of 
dry, warm northerly (Blocking) and wet, cold southerly (Trough) conditions 
prevailing at different times over the past 1,000 years (Table 5). Regime shifts occur 
approximately every 50 to 75 years but can oscillate between Blocking (northerly) 
and southerly (Trough) conditions at 25-year intervals. The WSI-CI begins with a 
period of weakly southerly (Trough) to westerly (Zonal) conditions from 985-1085 
(Fig 7A), followed by a period of predominately northerly (Blocking) conditions 
(1085-1260 AD). Westerly (Zonal) flow persists from 1260-1360 AD.   
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Fig. 7: A
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the strength of tropical teleconnections (after Li et al., 2013); and E) N
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alies (SSTa) 
treated as in D
 (Li et al., 2013). 
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  At approximately 1385 AD there is a notable ‘mid-millennial’ shift from 
westerly (Zonal) conditions to predominately southerly (Trough) conditions, which 
then persist through to 1710 AD, with the exception of a 75-year period of westerly 
(Zonal) to northerly (Blocking) conditions between 1510-1585 AD (Fig. 7A). After 
1585, shifts in climate state tend to occur every twenty-five years, with shifts to all of 
the three regimes but with northerly (Blocking) and westerly (Zonal) conditions being 
most common. Age uncertainties for each period are summarized in Table 5. 
Based on the timing of this mid-millennial shift, we interpret 1385 AD as the 
onset of the Little Ice Age (LIA) in the WSI, with the core of the Southern 
Hemisphere LIA spanning 1385-1710 AD. The timing of this cooling is similar to that 
measured by a global proxy network, which points to the coldest conditions in the 
Northern Hemisphere persisting between 1400 and 1700 AD (Mann et al., 2009). This 
coincident timing supports the LIA potentially being a globally synchronous event. 
Comparison with surface exposure ages on LIA moraines primarily from the 
Mackenzie Basin (Fig. 2B; Alloway et al., 2014 and references therein) shows they 
were also deposited during with this period (Fig. 7B). Moraine ages are consistently 
aligned with periods of strong southerly (Zonal) flow (Fig. 7A and 7B; Table 5). The 
temperate glaciers of New Zealand have been shown to have a climate response rate 
as fast as 24 years, suggesting that advances coincident with a single 25-year bin of 
strongly trough or zonal conditions could be sufficient to force a glacial response 
(Oerlemans and Reichert, 2000). 
While Schaefer et al. (2009) invoke shifts in the Interdecadal Pacific 
Oscillation (IPO) as a driver of glacier growth/persistence on the South Island. The 
WSI-CI generated here indicates shifts to predominately trough conditions, creating 
significant positive precipitation and negative temperature anomalies during the LIA 
in New Zealand. Based on the RCRC relationship with synoptic drivers, this points to 
negative SAM and El Niño (positive ENSO) conditions as key drivers of these 
anomalies for the WSI (Table 2). This interpretation is consistent with that of Lorrey 
et al. (2014) who utilized a similar RCRC approach and point to weak El Niño and 
negative SAM as the main synoptic drivers of Little Ice Age conditions in New 
Zealand.  
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  Table 5 Reconstructed periods of northerly, southerly and zonal circulation from the 
combined Ohau and Oroko RCRC regime classification (based on Fig. 7). Age uncertainty in 
years is calculated as the average 2σ error of each time slice (calculated from the age model in 
Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Glacial ‘Advance’ (based on Alloway et al., 2014) 
 
Periods of more northerly flow (increased frequency of Blocking regimes) 
prevail during increased La Niña and positive SAM conditions (Renwick, 2011; Jiang 
et al., 2013), as during the period of 1085-1260 AD (Table 2). Zonal conditions 
leading into the mid-millennial shift between 1260-1360 AD suggest a period of 
transition with El Niño conditions and positive SAM as drivers. However, the relative 
role of these features cannot be determined without comparison to other regional and 
hemispheric-scale reconstructions of these indices. 
 
4.3.3 Regional to Hemispheric Scale Drivers of Paleocirculation 
 
To explore the relative role of ENSO and SAM in WSI-CI synoptic variability we 
compare the WSI-CI to a recently reconstructed annual SAM index generated from an 
ice core melt-layer sequence recovered from James Ross Island, Antarctica (Fig. 7C; 
Abram et al., 2014; data contributed by author), and use Niño 3.4 SST variance and 
SST anomalies (SSTa) as ENSO proxies (Fig. 7D and 7E; Li et al., 2013; data from 
https://www.ncdc.noaa.gov/paleo/study/14632). The Abram et al. (2014) SAM 
reconstruction was divided into 25-year bins and also smoothed using a LOESS filter 
(window equivalent to 25 years; Fig. 7C).  
Li et al. (2013) reconstructed Niño 3.4 region SST (ENSO) over the past 700 
years based on 2,222 tree-ring chronologies from the tropics and mid-latitudes of both 
the Northern and Southern Hemispheres. Li et al. (2013) use SST variance across the 
Niño 3.4 region to infer the relative strength of ENSO teleconnections outside of the 
 
Northerly (Blocking) 
 
Southerly-Mixed 
(Trough) 
 
South-southwesterly (Zonal) 
1960  – 1985 AD (± 7) 1985-2010 AD (± 6) 1835- 1885 AD (± 21)* 
1885  – 1910 AD (± 14) 1910-1960 AD (± 8) 1760-1810AD (± 25)* 
1810  – 1835 AD (± 26) 1685-1710 AD (± 18) 1710- 1735 AD (± 20)* 
1735  – 1760AD (± 20) 1510- 1560 AD (± 16)* 1560 – 1635 AD (± 14)* 
1635  – 1685 AD (± 14) 1385-1435 AD (± 11)* 1460-1485 AD (±16) 
1485  – 1510 AD (± 17) 
1435  – 1460 AD (± 14) 
1360 – 1385 AD (± 8) 
1210 – 1260 AD (± 8) 
1185-1210 AD (±10)* 
985-1085 AD (± 24)* 
 
1285-1360 AD (± 6)* 
1085  – 1185 AD (± 15) 
910 – 985 AD (± 38) 
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  tropics. This Niño 3.4 SST reconstruction was converted to a 25-point running mean 
of variance and binned in 25-year intervals (Fig. 7D; after Li et al., 2013). The ENSO 
teleconnection to New Zealand shows significant fluctuation over the last 1,000 years, 
with periods of higher SST variance exhibiting strengthened tropical teleconnections 
(Li et al., 2013, their Fig. 2D). Following the interpretation of Li et al. (2013), we use 
SST variance as an indicator of ENSO teleconnection strength to New Zealand. This, 
paired with the Abram et al. (2014) SAM reconstruction over the same period, and the 
circulation index produced in this study, provides means by which to explore the 
relative roles of ENSO and SAM on New Zealand paleocirculation changes.  
It is important to note that small offsets in reconstructions can be due to 
chronological error and varying seasonal sensitivity between proxies. However, the 
consistency between Niño 3.4 SST, SAM reconstructions (see below) and the WSI-CI 
suggest that chronologic errors and uncertainties are minor.  
 
ENSO Teleconnections and the WSI Circulation Index 
 
The ENSO-SST reconstruction does not extend back to the most notable period of 
persistent blocking in the WSI-CI (1085-1260 AD), but does show that increased 
northerly (Blocking) conditions in New Zealand are often paired with greater variance 
in SST, implying strengthened tropical connections to New Zealand’s climate (Fig 
7F). Based on the SST from Li et al. (2013) WSI-CI blocking periods are correlated 
with more La Niña like conditions, consistent with the instrumental record RCRC 
associations (Fig 7E; Table 2). Zonal (westerly) conditions also occur coincident with 
increased SST variance, when the ENSO teleconnection over the pan-Pacific region is 
enhanced (Li et al., 2013). Based on this relationship between WSI-CI and SST 
variance, it is evident that ENSO teleconnections to the mid-latitudes are strengthened 
during persistent Blocking (northerly) and Zonal (westerly) conditions.   
The relationship between ENSO and SAM is also consistent with the RCRC 
associations, with Blocking (northerly) conditions typically aligning with the more 
positive phase of SAM. These periods suggest strong co-variability between SAM 
and ENSO, as observed over the instrumental record (Fogt et al., 2011; Ding et al., 
2012). The most pronounced negative SAM as measured by Abram et al., (2014) 
between ~1410-1560 AD is coincident with low SST variance during the Little Ice 
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  Age (Li et al., 2013), implying that this shift in SAM may be a dominant feature 
during this period. 
   
SAM and the WSI Circulation Index 
 
The Abram et al. (2014) SAM index is geographically representative of the Drake 
Passage region (Fig. 7C). While the SAM is effectively a measure of the annular 
structure of the circumpolar westerlies (as the name implies), it has a well-
documented asymmetric spatial component, which results in variable localized 
climate impacts (Yeo and Kim, 2015). This changing spatial structure in the SAM can 
result in anti-correlation between New Zealand and the Drake Passage when the 
annular structure becomes more ‘wavelike’ and has an asymmetrical influence across 
the mid-latitudes (Yeo and Kim, 2015). Conversely, coincident negative SAM in the 
Drake Passage and WSI-CI Trough conditions over New Zealand (Southerly airflow, 
wet and cold) would suggest a strong annular structure to the SAM, causing such 
distant locations to experience similar climate anomalies.  
Over the last 1,000 years, Abram et al. (2014) suggest the period of least melt 
on the Antarctic Peninsula (coolest temperatures) occurred circa 1410-1460 AD and 
was driven by a strong, negative-phase SAM lasting until ~1610. Over this period, the 
SAM is more persistently in its negative phase than during any other time in the last 
1,000 years, coincident with some of the wettest and coldest conditions in 
southwestern New Zealand as recorded by the WSI-CI. Further, the oscillating pattern 
from southerly (Trough) to more northerly (Blocking) conditions during this pahse of 
the ‘LIA’ (1560-1635 AD) is mimicked in the relative strength of the negative SAM 
(Fig. 7C). This suggests the LIA period in the Southern Hemisphere is characterized 
by strong, relatively persistent annular structure in the SAM with a potentially basin-
wide response across the Pacific. Paired with low SST variance during the same 
period, this points to the SAM as a dominant feature of Little Ice Age climate in the 
Southern Hemisphere.  
 
4.3.4 Future Directions  
 
Modern observations suggest that SAM phase and magnitude play a strong role 
moderating the ENSO teleconnection to the high-latitudes (Fogt et al., 2011).  
However, identifying the drivers of the persistent and relatively abrupt shift to 
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  strongly negative SAM and weak ENSO documented at Lake Ohau during the LIA 
requires further investigation and is beyond the scope of this study. The causes of 
these changes are likely to be complicated by wave-patterns and complex atmospheric 
dynamics, affecting the strength of tropical and polar teleconnections (Fogt et al., 
2011). Identifying modern analog time slices, in addition to exploring other indices, 
such as the IPO (Vance et al., 2015), and the Madden-Julian Oscillation (MJO) may 
help to elucidate patterns of regional variability. Further, the CSIRO Mk3L modeled 
SAM Index shows promise for reconstructing SAM beyond the current 1 ka record 
(Abram et al., 2014) to the last 2 ka (S. Phipps, pers. comm.) The Lake Ohau record 
extending back to ~635 AD may provide a means for improved model-data 
comparison over the late Holocene. 
Additional proxy records from different climate districts in New Zealand 
could be used to generate an additional circulation index representative of variability 
across the different climate districts. An attempt was made to incorporate records 
from different climate districts including Lake Tutira (Fig 2A; Gomez et al., 2011), 
Waitomo Caves (Fig 2A; Williams et al., 2005) and North Island Kauri tree-rings 
(e.g. Fowler et al., 2012), but issues with chronology, varying seasonal sensitivity and 
the resultant transfer functions means these records require additional work prior to 
being suitable for conversion into an high-resolution New Zealand circulation index. 
Future work aims to expand the WSI-CI index to annual and generate a New Zealand-
wide circulation index. A NZ-wide index, particularly with North Island records, 
could provide important regional perspective for considering the temporal behavior of 
tropical to high-latitude teleconnections (Gomez et al., 2011; Fowler et al., 2012). 
 
4.4 CONCLUSIONS 
 
Utilizing the annually resolved Lake Ohau hydroclimate record in combination with 
the similarly resolved tree-ring record of summer temperature from Oroko Swamp 
(Cook et al., 2002), we generate a circulation index for the western South Island of 
New Zealand. This index utilizes the temperature and precipitation anomalies 
documented by the Regional Climate Regime Classification scheme for New Zealand 
originally generated by Kidson (2000) to assign synoptic scale circulation patterns to 
25-year intervals from 900-2000 AD. This paleocirculation index shows strong co-
variability with SAM and ENSO reconstructions, as well as during the instrumental 
record. Inferred dry, warm conditions are consistently associated with strengthened 
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  tropical teleconnections to New Zealand and a positive SAM, while cold and wet 
conditions are driven by increased southerly airflow and negative phase SAM. The 
Little Ice Age (~1385-1710 AD) interval in western South Island of New Zealand is 
unique, with a climate system dominated by a significant and persistent negative, and 
strongly annular SAM combined with a weak tropical Pacific teleconnection. This 
same period coincides with core of the LIA in the Northern Hemisphere (1400 and 
1700 AD; Mann et al., 2009) suggesting a globally synchronous LIA.  
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  Supplementary Fig. 1: Sedimentary characteristics of the three different varve motifs and 
seven varve sub-types. Motif A lacks sublaminae whereas motif B is characterized by one ore 
more precipitation-induced coarse sublaminae. Motif C laminae form in response to 
significant inflow events (floods). Figure modified from Roop et al., (in review (Chapter 3).  
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Supplementary Fig. 2: Varve thickness (mm) distributions by varve motif. Varve thickness 
increases with varve type, consistent with Roop et al. (in review(Chapter 3)). 
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  Supplementary Methods 
 
Age model development 
 
Full details of the dating and age model development for the 5.5-m Lake Ohau 
sedimentary sequence are being prepared for subsequent publication (Vandergoes et 
al., in prep); key details are summarized below. Direct and independent ages from 
137Cs analysis, pollen marker horizons (Supplementary Methods Fig. 1), radiocarbon 
dating of terrestrial plant macrofossils and Cladocera Spp. concentrates are used to 
provide age control for the sequence. Supplementary Methods Table 1 outlines the 
age marker horizons used and the AMS dates obtained from the Lake Ohau sequence. 
The resulting age model is presented in Figure 3 (Chapter 4). All depths reported 
below are depth adjusted to OH6m1c (Supplementary Methods Table 1). 
Pollen marker horizons identified in the core were utilized as independent age 
tie points for the sequence (Supplementary Methods Fig. 1). In the European 
historical period, increases in pollen from exotic plant species Rumex (sorrel), Pinus 
(pine) and Salix (willow) provide age tie points. References to the arrival and 
distribution of these species in New Zealand have been sourced from the Global 
Invasive Species Database (http://www.issg.org) and appropriate references therein.   
Rumex acetosella (Sheep Sorrel), the main common introduced weed species 
of abandoned cultivated land in New Zealand was first recorded in 1867, although it 
is thought to have arrived some time earlier (Moore, 1955). We, therefore, assign an 
age of 1865 with a probability density function (PDF) of ten years to its first increase 
in the sediment/pollen record (64 cm). Pine (Pinus) species were first introduced in 
New Zealand shortly before 1830 with state forestry beginning in 1896 (Webb et al., 
1988; Wardle, 1991). The natural spread of pines was first noted in the late 1890s, 
with a rapid increase in invasions in the first two decades of the 20th century, and 
especially after the 1940s (Hunter and Douglas, 1984). Historical pictures of the Lake 
Ohau region in 1899 show conifer (pine) trees growing locally around Lake Ohau 
valley homesteads (McMillan, 2012). The first increase of Pinus in the 
sedimentary/pollen record (46cm) has been assigned an age range of 1890 to 1920 
calendar years. A second combined rise in Pinus and Salix at 39 cm is considered to 
represent increases in these species throughout the landscape during the 1940’s (post 
war era) and is assigned an age range of 1920 to 1950 calendar years. These pollen 
marker horizons compare well with the results of 137Cs dating of the core, which show 
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  the onset of and peak 137Cs concentrations at 30.5 cm and 23.4 cm in which represent 
1954 and 1964, respectively (Roop et al., in review (Chapter 3)).  
Two other pollen marker horizons used as age tie points for the sedimentary 
sequence are the increase of Pteridium (Bracken fern) pollen and charcoal (279 cm) 
and the peak of Grass pollen (249 cm). Well dated charcoal records from South Island 
New Zealand and, in particular, sites closest to the Lake Ohau region (Diamond Lake, 
Dingle Burn; McWethy et al. 2010) indicate that significant increases Pteridium 
pollen and charcoal abundance occurred between 1320-1340 AD as a result of 
Polynesian burning and land clearance. Polynesian (Maori) arrived in New Zealand 
circa 1280 AD (McWethy et al., 2010). The peak in Grass pollen at many of the sites 
closest to Lake Ohau is seen to have occurred in the late 1300’s, slightly later than the 
1280 AD arrival. The timing of these changes in the records presented by McWethy et 
al. (2010) show some regional variability, highlighting the dangers of aligning proxy 
archives and chronologies on the basis of palynostratigraphy (Blaauw, 2012). 
However, we feel confident that at a regional level for central South Island, New 
Zealand, these changes would have occurred within a 20-40 year time frame 
(McWethy et al. 2014). Base on this data, we assign age ranges of 1340-1360 AD to 
the Pteridium and charcoal rise and 1390-1430 AD to the peak in grass pollen in the 
Lake Ohau sequence.  
Terrestrial leaf macrofossil remains provided the primary target for age 
control in pre European period of the sequence. Full and partial non-degraded remains 
of two Fuscospora cliffortioides (previously Nothofagus solandri var. cliffortiodies; 
Mountain Beech) leaves at 188 and 322 cm, respectively, provide key age tie points. 
Investigation of other organic remains within the sediment (e.g., pollen, charcoal, 
bark fragments, bulk algal remains) have proven to be less reliable for providing age 
control in this depositional setting, primarily due to lack of abundance, reworking of 
older catchment material or inconsistent incorporation of the in-lake reservoir	  effect. 
The sub fossil remains of Cladocera were identified as an additional dating 
target due to their abundance in the Lake Ohau sediments. These were concentrated 
through a variety of steps that comprised of repeated sieving at 150 µm mesh 
interspersed with warm washes of HCl, NaOH and ultrasonic disaggregation. Dating 
of the Cladocera concentrates yielded consistently older ages than those based on leaf 
macrofossils and pollen marker horizons from the same/similar depth horizons.  The 
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  age discrepancy remains constantly offset throughout the core and indicates that it is 
appropriate to subtract a constant age correction from each Cladocera age relative to 
its respective macrofossils and pollen marker horizon; therefore deriving a Delta–R	  (ΔR, localized	  reservoir	  correction)	   for	   the	  Cladocera	   ages	   from	  the	  Lake	  Ohau	  sedimentary	  sequence. 
Weighted Mean (n=4) derived from the difference Clodocera ages associated 
with the horizons incorporating the two leaf macrofossils, the rise in Grass pollen in 
the core, and immediately pre-1952 A.D. (*in Supplementary Methods Table 1) 
provide a ΔR= 1082 (Ward and Wilson, 1978), with a Standard Deviation (square 
root of variance) of 52. The resulting ΔR is then incorporated into the Bayesian 
P_sequence model within Oxcal v4.2.4 (Bronk Ramsey, 2013) to develop the 
resulting age model.  
The independent chronology from 137Cs, 14C and palynostratigraphy was 
integrated using the P_Sequence model in OxCal 4.2.4 (Bronk Ramsey and Lee, 
2013).  Using the P_Sequence algorithm to model layer counts requires the model 
parameter “k” to be defined and the assumption that anomalous layers are randomly 
distributed (Bronk Ramsey 2008).  When using the P_sequence prior to model layer 
counts in Lake Ohau, k is the ratio of years to counted layers.  In simple terms it 
defines the uncertainty in the layer counts and is set to 1 here because this is the 
highest value that provides acceptable model agreement index. i.e. agreement between 
the independent chronology and layer counts (cf.  Blockley et al. 2007; 2008, Bronk 
Ramsey, 2008). 
The distribution of anomalous layers is unlikely to be random across the entire 
length of Ohau 6m1c because their abundance correlates with complex varve motifs 
(Roop et al., in review).  However, it is reasonable to infer that anomalous layers are 
randomly distributed within sections of the core that contain similar facies 
assemblages characterized by the relative frequency of occurrence of motif A (low 
complexity, low number of anomalous layers) and motif B (higher complexity, higher 
number of anomalous layers).  These core sections  (n=5) have been parameterized in 
the model using four boundaries (Bronk Ramsey, 2001); Fig. 3 (in text)). The 
boundaries allow the structure of the model to fulfill the underlying assumption that 
within core sections the distribution of anomalous layers is random. 
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   One of the major benefits of the Bayesian age modelling approach is its ability 
to integrate and collapse age estimate uncertainties from multiple sources of 
chronological data.  As with any modelling approach it is important to assess how 
accurately the model outputs reflect the input data.  OxCal 4.2.4 achieves this 
comparison using an agreement index which is a measure of fit between the resultant 
(posterior) age probability density functions (PDFs) given the prior model and the 
original chronological data and their (likelihood) age PDFs (Bronk Ramsey and Lee, 
2013). An agreement index (A.I.) threshold of 60% is widely regarded as an 
acceptable level of fit because it provides an equivalent level of discrimination to a 
Chi squared test at 5% (Bronk Ramsey, 1995).   The Ohau6m1c P_Sequence model 
provided an agreement index of 64.5% demonstrating that the age model is 
representative of the chronological data.   The chronologic model provides an average 
precision of ±25 years (2σ) and a basal age of 646±86 A.D (2σ). 
 
 
Supplementary Methods Fig. 1: Pollen and charcoal changes from the Lake Ohau 
sedimentary sequence. Coloured panels show a summary of change in percent of total 
terrestrial pollen for native trees and disturbance-associated taxa (e.g., Poaceae, Pteridium) 
related to Polynesian burning and non-native taxa (Pinaceae, Rumex, Salix) introduced by 
Europeans. Red curves show charcoal accumulation and black curves changes in key pollen 
taxa used to identify time horizons. Red arrows indicate depths for key pollen 
chronostratigraphic horizons (see text). 
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  Table 1 AMS radiocarbon ages and age tie points from Lake Ohau sediments. All 
radiocarbon dates are derived from core OH6m1c. Pollen chronostratigraphic horizons are 
derived from core OH6m1. 137Cs tie points derived from core OH1m1. Correlation between 
these cores was conducted visually in Corelyzer (http://andrill.org/~jareed/corewall.org/) to 
allow integration of these results on a common depth scale. Core surface represents year 2010 
(Roop et al., in review (Chapter 3)).  
a Radiocarbon laboratories: Rafter Radiocarbon Laboratory, GNS Science, Lower Hutt, NZ (NZA) 
b Calibrations were made using OxCal v4.2.4 (Bronk Ramsey, 2013) using the SHCal 13 calibration 
curve (Hogg et al., 2013). 
c Clodocera ages used to develop ΔR, localized	  reservoir	  correction *. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OH6m1c 
Depth  Below 
Lake Floor 
(cm) 
( ) = mid-point 
Sample type/ 
chronostratigraphic 
horizon 
14C Lab a Uncalibrated  
14C  age 
(14C yr BP) 
+/-1σ ΔR 
Corrected 
age 
Calibrated 
age range 2σ 
AD b 
 
0 Core surface  2010 0  2008-2012 
23.4 137Cs peak  1964 5  1959-1969 
30.5 137Cs Int  1952 3  1949-1955 
39 Pollen: Pinus/Salix     1920-1950 
46 Pollen: Pinus      1890-1920 
64 Pollen: Rumex  1865 10  1845-1885 
160-175 (167) Cladocera NZA58300 1569 18 487±18 1396-1624 
188.1 Fuscospora leaf NZA53415 448 18  1444-1607 
195-215(205) Cladocera* NZA55429 1505 19 423±19 1438-1633 
249 Pollen: Grass peak     1390-1430 
245-260(253) Cladocera* NZA58292 1641 18 559±18 1307-1464 
279 
Pollen: 
Pteridium/charcoal     1340-1360 
287-305(295) Cladocera NZA58032 1757 12 675±12 1280-1409 
322.4 Fuscospora leaf NZA53418 679 17  1297-1392 
314-334(325) Cladocera* NZA55109 1786 17 704±17 1266-1405 
340-360(350) Cladocera NZA58293 2001 18 919±18 1034-1265 
425-440(437) Cladocera NZA58291 2195 18 1113±18 861-1145 
475-495(485) Cladocera NZA58033 2265 12 1183±12 771-1015 
499-519(500.5) Cladocera 
NZA-
556090 2477 22 
1395±22 
585-843 
519-539(519.3) Cladocera 
NZA-
556091 2384 13 
1302±23 
655-890 
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  5.1 RESEARCH MOTIVATIONS 
 
The initial concept of utilizing the glacial lakes in the Mackenzie Basin as 
paleoclimate targets extends back to the pioneering efforts of R. Pickrill and J. Irwin 
in the early 1980’s, when they studied the complex depositional system of Lake 
Tekapo (Pickrill and Irwin, 1983). More recently, an Institute of Geological and 
Nuclear Science (GNS Science) project again examined sediment from Lake Tekapo 
to develop a high-resolution paleoclimate record (Graham, 2005). However, 
complications with geochronology and difficulties in interpreting the lamination 
stratigraphy led researchers to focus efforts on Lake Ohau, the smallest and least 
glaciated catchment of the three large glacial lakes in the Mackenzie Basin. The 
research discussed in this thesis is the ‘tip of the iceberg’ for the Lake Ohau research 
team. A deep drilling project will take place at Lake Ohau in early 2016, with 
ambitions to collect multiple 80 m sediment sequences extending back ~17,000 years. 
The hope is that the work presented here serves as a robust foundation upon which 
future research efforts can build.  
  
5.2 PROJECT SUMMARY  
 
This project had one overarching research objective: to develop a high-resolution 
paleoclimate reconstruction for Southern New Zealand. To generate a robust, high 
fidelity paleoclimate reconstruction from Lake Ohau, this work was structured in 
three separate but synergistic parts with the aim of addressing the following 
questions:  
 
(1) How does sedimentation in Lake Ohau vary temporally and spatially, and 
how do the dark and light laminations preserved in the sediment cores relate 
to seasonal changes in terrigenous sediment input? 
 
(2) Over the instrumental period, what are the primary hydrological and 
meteorological drivers impact on the amount and timing of sediment 
discharge into Lake Ohau? Can we develop a reliable climate-proxy model 
for interpreting down-core variability in the physical character of the 
lamination stratigraphy? 	  
(3) Can the controls on sediment deposition into Lake Ohau and the resultant 
sedimentary sequence be reliably utilized to reconstruct climate over the past 
1,350 years? If so, what climatic variations have occurred in the Lake Ohau 
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  catchment and, by extension, the South Island and Southern Hemisphere mid-
latitudes over the late-Holocene? 
 
Addressing these questions, this research led to the following conclusions:  
 
(1) Depositional Environment (Chapter 2) 
 
Contemporary monitoring of the Lake Ohau system demonstrates that sediment 
dispersal and deposition are controlled by pronounced basin-wide seasonality in 
precipitation, river inflow, lake water temperature, and the resultant response in 
internal lake dynamics. In general terms, the thermal stratification in summer enables 
the propagation of fine silt particles to the distal end of the lake. In winter, isothermal 
conditions result in persistent underflows with only sufficient lateral momentum for 
the transport and subsequent deposition of very fine silt.  This coarse/fine 
accumulation near the lake outflow reflects summer and winter deposition and, thus, 
the laminae are interpreted as varves. Observations during the monitoring period 
included accumulation of simple laminae in addition to complex laminae and thick (≥ 
9 mm) event layers, which result from precipitation-induced inflow events and floods, 
respectively. This variety of varve types provides an important tool for gaining insight 
into the climatic and hydrologic drivers of sediment accumulation discussed in 
Chapter 3. 
 
(2) Climate-proxy development (Chapter 3) 
 
Sedimentary analysis for the Lake Ohau core identified three primary varve motifs 
(simple (A), complex (B) and event layers (C)) which form the basis for developing a 
hydroclimate-proxy model that qualitatively links inflow patterns to varve 
accumulation. Using a model accuracy statistic, it is clear that each varve motif forms 
in response to a different annual hydrograph, with peak sensitivity to summer and 
autumn precipitation-driven inflow events. These inflow events create additional 
coarse laminae to the annual couplet and result in complex varve stratigraphy (Motif 
B). Motif A represents decreased summer inflow or drier conditions while Motif B 
represents austral warm periods with normal-to-wet conditions. Utilizing these 
instrumental period observations, varve characteristics are used to infer the hydrology 
and storm event frequency for the pre-instrumental record (as highlighted in Chapter 
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  4), resulting in one of the first continuous reconstructions of paleohydrology in 
southern New Zealand. 
 
 (3) Paleoclimate Reconstruction (Chapter 4) 
 
Employing the hydroclimate-proxy model, the distribution of different facies over the 
1,350-year record was used to generate a wet/dry index for Lake Ohau. This index, 
paired with a complementary tree-ring reconstruction from the same climate district, 
was used to create a paleocirculation index based on temperature and precipitation 
anomalies from the New Zealand Regional Climate Regime Classification developed 
by Kidson (2000).  
 This Western South Island Circulation Index indicates several multi-decadal 
periods of either persistently wet/cold or warm/dry conditions over the past ~1,000 
years (period of proxy record overlap). These changes are driven by the persistence of 
regional synoptic types, which are closely associated hemispheric scale climate 
drivers including SAM and ENSO. Comparison of the WSI Circulation Index with 
complementary records from the tropics and high southern latitudes provides a means 
for interrogating the relative role and strength of ENSO and SAM as drivers on New 
Zealand’s climate. While there is evidence for changing strength in the interplay and 
teleconnections of these features, the most notable shift occurs at 1385 AD. At this 
time, tropical teleconnections weaken, and the SAM acts as a dominant driver of what 
is interpreted to be the onset of the Little Ice Age. The coldest and wettest conditions 
at Lake Ohau persisted from ~1385-1710 AD, consistent with the coldest LIA 
temperatures in Northern Hemisphere, pointing to a globally synchronous LIA. 
Further, the consistent indication of SAM as a driver of colder climate in paleoclimate 
records from New Zealand to the Drake Passage points to a strong annular structure 
of the SAM and suggests an equator-ward shift of the circumpolar westerlies was a 
primary driver of trans-Pacific cooling.  
 
In summary, the research contributes the following: 
 
a. An improved understanding of the depositional environment of Lake Ohau 
and confirmation of the site as an important Southern Hemisphere mid-
latitude paleoclimate archive. 
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  b. One of the first annually laminated and continuous record of paleohydrology 
in southern New Zealand. 
 
c. A unique methodology to generate a paleo-atmospheric circulation index for 
southern New Zealand that shows promise for better understanding large 
scale drivers of Southern Hemispheric climatic changes, including those with 
Northern Hemisphere analogs such as the Little Ice Age.  
 
5.4 FUTURE DIRECTIONS 
 
As with any scientific research endeavor, one set of research questions undoubtedly 
leads to additional lines of inquiry. Outlined below are ongoing and future areas of 
research: 
 
(1) Depositional Environment 
 
• Continued and improved monitoring will help to better document the range of 
variability in, and complexities of, this temperate depositional environment. 
	  
• Hydrodynamic and sediment fate modeling using a three-dimensional lake 
model could help to test depositional changes resulting from particular 
climatic or geological drivers (e.g. earthquakes and slope failure). 
	  
  
Following the publication of Chapter 2, the Lake Ohau process-network monitoring 
has expanded and remains a key component of the current research effort. 
Collaboration with hydrodynamics experts has resulted in a subsequent publication 
focused on the internal lake dynamics leading to sediment deposition in Lake Ohau 
(Cossu et al., in review; Appendix A). 
 One future work direction is hydrodynamic and sediment fate modeling using 
the three-dimensional Si3D lake model (in collaboration with the UC Davis Tahoe 
Environmental Research Center). With a robust multi-year dataset of internal lake 
dynamics and sedimentation, modeling efforts could help to test depositional changes 
resulting from particular climate or geological drivers (e.g. earthquakes and slope 
failure). Ongoing monitoring will improve our understanding of the range of 
variability in, and complexities of, this temperate depositional environment. At a 
minimum, monitoring will continue until drilling operations in 2016.  
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  (2) Hydroclimate-proxy development 
 
• Additional statistical analyses in order to develop a quantitative association 
between varve facies and instrumental period climate.  	  
• Exploring rain intensity and frequency as a factor in sediment 
generation/mobilzation. Are there catchment thresholds in precipitation or 
soil moisture that can be linked to sediment accumulation?  	  
• Develop further automation of layer counting and identification of physical or 
geochemical properties that are indicative of either annual accumulation or 
varve facies.  
 
Work is ongoing for finding quantitative links between sediment accumulation, 
varve characteristics and hydrometeorological datasets. At present, the 
application of additional statistical methods (e.g. Elbert et al., 2015) have yet to 
yield significantly different results from those presented in Chapter 3. Additional 
parameters such as rain intensity/frequency and soil moisture may be useful 
metrics for comparing to varve stratigraphy or inflow patterns. Unfortunately, 
TopNet outputs, our primary source of catachment-wide data, cannot yet be 
interrogated on sub-daily timescales. Lower resolution (e.g. weekly) 
investigations may provide a good starting point. 
 Initial investigation of high-resolution ITRAX µ-xrf data collected at the 
GEOPOLAR Institute at the University of Bremen as part of the research have 
yielded few conclusive associations between geochemistry and the coarse/fine 
laminae. While millimeter scale geochemical signatures may not be evident, 
multi-decadal to centennial scale trends may be indicative of environmental 
changes in the Ohau catchment. These data are currently being investigated in 
collaboration with researchers in Bremen.  
 
(3) Paleoclimate Record 
• The generation of a New Zealand Circulation Index through the integration of 
additional high-resolution proxies from different New Zealand climate 
districts.  
 
• Data-model comparisons using regional synoptic model approaches and 
climate system models. 	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  • Distribution of floods (Motif C) relative to climatic shifts and known periods 
of human-driven landscape disturbance (e.g. Polynesian and European 
arrival).   	  
• Geochemical and physical property variations as a tool for interpreting 
paleoclimate changes.  
 
As discussed in Chapter 4, additional work on New Zealand high-resolution proxies 
could lead to the generation of a more regionally representative Circulation Index. 
Through the addition of more proxy sites, we can further interrogate the initial 
findings of this work. Utilizing new tools such as the Past Climate Interpretation of 
Climate (PICT; pict.niwa.co.nz; Lorrey et al., 2014) could help to identify modern 
analogs for inferred atmospheric circulation changes in the past and would enable 
hypothesis testing about ENSO/SAM teleconnections and the potential drivers of 
these variations. PICT requires a minimum of three proxies for ensemble work. An 
ideal North Island target for comparison in a proxy ensemble is Lake Tutira (e.g. 
Gomez et al., 2012; Page et al., 2010). Further work to enhance the chronology and 
determining the seasonal sensitivity of this site would facilitate this type of 
comparison. 
 Model-data comparisons with climate models such as the CSIRO Mk3L 
climate system model may help to further elucidate and test the mechanisms driving 
changing circulation over the last 1,350 years. Model-generated paleo-SAM and -
ENSO indices that extend back 2 ka and improve on upon the existing 1 ka 
simulations (discussed in Abram et al. 2014) are currently under development and 
will facilitate a more robust model-data comparison with Lake Ohau record (S. 
Phipps, pers. comm.).  
 Additional work on time series analysis and data consolidation for the Lake 
Ohau record (e.g. different bin resolutions at 5 and 10 year instead of 25) in 
combination with geochemical and physical property data may provide additional 
information about land use changes, rates of climatic change, and other geomorphic 
drivers, including Alpine Fault earthquakes, which in the current analysis show no 
notable change on sediment character or accumulation over the last 1,350 years 
(based on dates of earthquakes in Wells et al. 1999). To that end, ongoing 
investigation of recently recovered cores from the lake depocenter may help to 
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  explore some of these geomorphic and hydrodynamics questions, which were beyond 
the scope of this research project.  
Continuing these efforts will help to advance our understanding of the Lake 
Ohau depositional environment and can provide additional tools for interpreting the 
potential ~17 ka sequence to be collected from Lake Ohau in 2016.  
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Appendix A  
 
 
This manuscript was accepted for publication in Marine and Freshwater Research. 
Postdoctoral researcher Remo Cossu and his mentor, Dr. Alexander Forrest, led this 
work. The author contributed data, multiple rounds of comments and interpretive help 
to this manuscript. This work builds directly on the content presented in Chapter 2.  
  
 
CITATION 
 
R. Cossu, R., Forrest A.L., Roop, H.A., Dunbar, G., Vandergoes, M.J., Levy, R.H., 
Stumpner, P., & Schladow, S.G., accepted. Seasonal variability in turbidity currents in 
Lake Ohau, New Zealand and their influence on sedimentation. Marine and 
Freshwater Research. 
143
	









 	
!!


"#""

$
"%




 	
!!

&	
'

()
	&	
&
 	


(	

*""')
+()
,
*-

'

.
 	
--

+"/"(


'

.
 	
--

"0".

+()
,
*-
'"*"	
+()
,
*-
,)

&	
'

()
	&	
&
 	


(	
"+"
&	
'

()
	&	
&
 	


(	

144
	



)




)
*)
1
"



))

$)

    
2
  

  
  
 
	" 3   

)

  	
   456474568
 9  
 
)

 ) )
    
)
   "  ) 
 
	




$
	
"
	:;<55

8

16
=





1






	
)"(


 






	
"3

	


	 
  
    " 3  	
 )

 
	
  
	  		 
	  
  ) 
"-9
	)
$)
	

)
)





"
145

 )
  )  )
    
   
))
)

	
:*
6>?@A	6>>4A
(
   455B=" 3 )

 
 
	
   
)  
 7
  )




	




:-
6>@BA(
+
 6>>C +
   455BA    456C="  	
  
	
1  
)
	
	""
	




 
 
  

 :""6>>CA+

/
 455C=" 3 

    	
	  

 )    


)

2
:""
6>>CA*
6>>B="
)

)
	
))
)

 
  :"" )

 
	
  	 "=   

 :""

 )
 
 )
 9 "=   )   
 )
 


)



)

	:
6>>CA!4564AD4564="


	


*)
 :"" ,
  
 6>?>A 
  	 6>><A +
  

455@=	

	)

:""+
6>?<A
(6>>C6>>CA*
6>>BA+
455BA456CA
 
=" 
  
 
  
  
 *)
 :D   4564=
) )  ,
*)
&
E 
  :&=   
 
  :=  
 

*)

:!)4554A 
455>="
146
3
)


)
   

    
  

 
   
   
)
 
"?5  2     
 ) 
$	
*)
$:F6?

 /,=" %1 :=  )

	   
   
  
) 
 	
  
 :')   456<=" *	
  $ 

  
  	
  
2
  )
	


)
:=1	
	"
3  ))
  $ )

 

 	  
  2
 
 
      $)
  )   ) )
)
   

	
"


	)


	






6<
16

;455
16


	
:')456<="
1





 
 	  		 
	  

 	  )  1

)
"!	))

)



"
147


 :CCG6C"5C5H6B>G<6"4C5H&A<45=  

1 
 

 
  
)  

  6?">  6?"C 
 /,    
$  3  :%
6A ,  4568="!    

9/6@"<)<
))
$<C

4
"!)?C
$)64>
$"
3)
 
 
 
  )  
 
      
  )


);655:)))
$"<I=
)>5


)
)

:%
6="
-

*)('	



>4C
4

	
 D)
   
F@<I 
   :-  455B="!  
 )
 ) 

)
)
:6?IAJ

4568=


 
  )
 
 :
1	
=  ) 
  
 
 

)
:')456<


="

!



)0
45640
4568

4<
):CCG66"5B>H6B>G<6"B@5H&=<5
):CCG66"8B@H
6B>G<6"?6@H&="&


())



,

:(,A%
6="!

		)


:!'1
65B5'/'=
   < 65 45 4< 85 8<  C<
 )"! 
  

5"554

:
K5"5555<

=)
	<"


148

  
9 
  
   
 )"  )





*/-
!)

,
	4


5"4

:
5"54

="!)

*/

<1

	4"<?"<686?444?"<84"<8?"<C4"<
)"*/


 
 :CCG6B"?@4H6B>G<<"C@5H&= 
<468B
 <6
 ) 

  < 
	 :)   
  
%
6="
()  
 

2  :
6>@B="
! )        
 	     

$



:,
6>@C=L
 




		







55

    :6=

 
	

)



"
.
'(36455*9C(,




)4<'(3B55*9C(,)<5
)	
:%
6="!(,

	 C :6= 	
85 6


6	"%



5"556

16
M5"5558
16

)	"4C5)
	
)
)"*
9	
 
  
44
   
    
  
 	
149
)"(,
	
0
4568(,
	

)

	"
'	

))


	


&
"-
)


:*,8<)  ! = 
 
 :1455 )

 1
& = 
)
:8554'N3 A8=
651
	

   J /
 
       :CC 66"4?CH 6B>G
<6"@C6H&=)
) &%:C866">4CH6B><6"@8@H&A

&
"=)
:%
6=" 

     
 
 
 )

  
   $
)  
	 

 :-=  	 
 :- 
 
 
!.
6>?4= :*=  :&= 
$
))
)%

:455@="
     )  
  )
 9 


  04564
 3
!

655O )/ 

:3!1655O= 
2  3" ! 3!1655O    	
 )
  B

  :%
66=

	
(N6?<"!)
6*9)
9

6"4<
4<5"

	
%
4
9

	
1
"

)

 

 
	 
   
 	
 :%
 4=   
150

 " ,
)  &%   
 
 	 
 

 :%
 4=" 	
  ) 
 
 
    
 :%
 4="
*	

	:;@"5
16
=)
	


:%
4=



1
1	"(

	

	


 ))
$ B5 
8
 
16
  	
  	 $ 455
8
 
16
 :%
 4=" !
  

  	

P65<
8

16


 )
	 :
F6555 
8
 
16
=  0
 C  0
 65

 4568" +
  
 
 




6>4B)(

0
"*	


 	   

  0
 4568 	 

   65   
   
 

  6>4B :')   456<=" 3  ))
   
	


K655
8

16
	;655
8

16
:
%

4=
		;<55
8

16
")%
4




	
)

)
	
)

"
   %
 4   
 
      
 




:,
6=


:,

4= 

"! )
  ') :456<= 

)9

1	



)"
 !"#$%&'()!()*
%
8)
 )

 	  
  4

,
6:(N6B5Q4B5="
)


	
	
)



C R :%
 8="!
 
 	
 
 	
 )
) $ 65
16
 :%
 8=
   :%
 8="! )
  	 
	 
151
(N6><(N455
 
)	P4<5
8
 
16
",


 )
	  )
 P 8 
16
" ! 	  $  

)
;<
16
:%
8="
! )

   
   
 65 G  (N 6B5  
))  
	?1@G(N4C5:%
8="!)

	
	








"3)

)
)


	
614R
)
<(N4554<5:


="*
9	


%
8"

9	

	5"545"6
16
)

)5"4<15"8
16

	



:""(N6><(N455
(N 46C  (N 46B="    )
  
 	 	   

 
1" 3
 	 5"5415"5<
16

)


)
)

	


:""(N455(N485="!

&:&3=
(,<
	    %
8	&3F655/ :
9 =

,
6"-
)
&3
	




)

:J.
4558="
)
&3P6?5/


)

(N6?<6?@(N6><455(N4C<4<<


)


	



9	
	

)	"
%
 C  
  
 )
  $  : %
 6=

	;6@5
8

16
(N6?<:


%
8="!
  

9  $ 	  5"4  
16
  &3 	  6@5 /"  
152


:7=
%
CC$)

)


		
,
6"3


)
))
:%
C=)
9P@5
9P655"
 

	 

)1))

:6>>8="!


  9P<5 1B5
  ) 
 
) )
    :%
 C=  
   
  
 
" 3 
)
)	)

,
6:="
!"#$%&')))+,)*
%
<)


))

4
(N8554564(N8<4568"
)


	

	


)


S@RS6CR:%
<="!

	
 


	:;45
16
%
<=


%
<"!
	




	:F@5
8

16
=)
)

)P6<5Q455
8

16

	
:%
<="!	


(N81?(N651(N6<4568
)6555
8

16


	
	"-
)C
16

))$@
16

:%
<="
(
,
4)
)



@R))
$6CR

:%
<="!))
	
)45(N
84585(N8<4568"!

$
$)8<
:(N654568=)8:(N84568="*
9	)



)	)5"C
16
:(N654568="!

153
	



	

:%
<<=
	

1
,
6"%
<	
&3
<	
&3P655/&3P455/"3&3
 
)
 
 ,
 6   ) 

 
 
9  	

	

	
)



"
-%
%
1)
$

)
)
	
  )" !  
 456474568   )$ 
  	

 
   1  

 
 	   		

	

)"
.

%
 B   	
 	 )
   
 

   	
 81
)
21
	T;855
16
(N4<5"4<
1
 : 
= $ 
9 	 
 5"4  
16
 
   

K5"5<
16
<	"!	
	)
%
B)

)$

	5"54
16




 	     <1B  	  "  &3 
 
 
$	455/
<5/@	:%
B="
!  
  
   <5 1
 :) 
= 
 $

9	
5"4<
16


5"5<
16
6<
	  :%
B=" 3 
 	
 	    

9:%
B="&3	%
B
	
154
)
$
:&3P6B5/=:&3P<5
/=45	"!


))
$P<Q65)
6	
)
8
"(




P45)4"%



&3
)





):""/455<



=")1))
$

))
$
F

6P5"55<Q5"56<


    :(
   4556A /

  ,
 6>>?A    455C=

9-:4565="
%
BB

	

(N6184568"(

	
	
81)
214 

(,
	 
  6" ! 	   ) 1) )
  
 

 :""
 6>>8=  	  )  5"4<  
16
 
   
 
  $
	5"8
16
9PC	
5"5<
16
6<	:%

B=".
	
	)

5"56
16

9P6<:%
B="&3)
$
:455/=

@5/))
$9P45:%
B="
-
	&3)
	:
=


	

)
	

		



:<5=


	
 
   " 
	
 
 &3 	 ))
  )  





)




"
155
%
?

)


<
<	
  
  
  :(N 8B5 4564  (N 6< 4568=  %
 ? )


)
9	6<"3
(N8B<(N618(N
66 (N 6C  )

 
 
)  )  4R  


 
)"(
	 
	
 :(N61C
(N65166=)



	



:%

?=".
	




	

	:/455<="!)

	
	

)


 )   
   
  
  	
   


 


    
 )   

" %
 (
  
:455B= 
  

 )
 
  45 
  
   
);455
"

	





 )

   )  8"< R
 
)
  
 +	 :6>@@=


)


	

	

+	

1


"
)

)


	

 :%
?=" 

9	 :%
?=

 
	
  
  
  
 

     ")
 

  	  )

 
   5"< R   
 
 "


2
	


)
)


))



"
!   ,
6
  )
 
 

    
 

)


"
156
/
'%
8
 
 )

	
 
	)





	



,
6"!)

1$



)D)

)


)

"!


    )  
 
 	    
 
	 
 
	 

   
 
   )
 )
" %
  1

)     65  D    
 
 
   
1

		$

)


?R

)

:!
)
 6>>>=" 
 
	 	  
)
 
  :%
  4554A 0  4558A
%

455@="$


:=1
)

	)

"
%
@)

)

:%
@=):%
@=
:%
@=
   $ :%
 @=     
	 )

 :%
 @=  
9
	:%
@=
4(N46<(N48<",
)


  F 6 R  	 
   )  5"6  
16


)  
 )





:KB5
8

16
=

	
):K8
16
="
$6<5-
14


)



:""0
4558A%

455@=

	
)"
%


 )

4C1)
))
 )

)

)
"
157
0/
D


)





"%
<)

:%
<=
	:%
<=
	

:%
<=:%
<=

,
4"


(N845
)


:
=
	)"! 
 

	) C R
 )


  )
  


	
"
! )   
 
      P 45   ) 	



$



):(N8

(N654568="*	


)

)

:(N
8C5  (N 8B<=   
 	 
 )
 )  
	
 " !
)





	"%
$

	)


9P659PC5!P4R)


 
	


""%
6>?>= 


8BQC@
:65

	)



F45)
="!)
)



:

:65=
:%
<<=")	
5"5< Q 5"65 
16
    
) 
 
 	 
  )
 :%
  "
6>?>="
%
 > 
   )   
  %
 >  

2
$
:="3	C5I
 

  < 
" %


  
   
   
158

2D)1
)



	
	

	
"
%
65,
)
(:,(=	)

"!
2)
:64C@
	=)
	

"!)
8

:%
6="


 

 
 	
  )  <5 
    
  
   

)
"%
65
	

1





	

	
"
123&
D	

	

 
	
  
  
2 

 
 

 	
   " !

 )  
 
2
  

 
 

 
 

  

	KK6
18
:
	6>><="


9U


:F6455 
4
 =  	 :<55 Q 8555= )
 	
 
    6 
18

:%
?
	6>><="3




	
	


	


 
" !   
  
 
   )) 
)    
  	
  
)
 
 
 
 



"
159
%
66)
)
	)


	
	
"3%
66

)



      
 
2
 


 
"%
66
,
6	
	;455
8

16


	"*


	BC6



6>4B14568"	


)

1

 

 )

        
 
	
   
" (    
     
 
)
) 
  
 
 )
)  :F<
V=)


)'):456<=


3!)
:%
C="
3  )
 
 ) :6 G 
  
 )

= 




)
"(
)




	
)))
$5"4G:')
 456<=    

  
   )
    
 
 
 
)
)
"
)	)

	


)

"!



	

)



 ,
6		
	)
	
	



1

:""%
4554="!
		

)5"6
16




)
)
)
"
))
)


))

	


:;655
8

16
=,
6"
160
!D
$

)



)


 ) %
66 :
 	F655 1<55
8
 
16
= %
66
:
  	 ; <55
8
 
16
= 
)	" % 	  ; <55
8
 
16


 8? 

@?
)
	
$	

  " ! )
  ) )

 
 
  
    
)    
 
 )	" ! 
     


 
)
	 
)
 
  "'))
 )

 ) <1B G

  )  45  
   
 
 1 
 
	
11 

$

"*	


	
  )  
)  )
   

  :,
 

6>?>="!
	





"%

 )
  J	 	   
  	  
	   +	
:  " 455<=   )
    	
 

  
 
)
)


2
"
3
456474568

	)



   	    )   
 	
   "(




  



)
)  

	

)	19
:,


6>?>A ,
  J)
 455>="   
     
 

)   
 	  
	  )  :+
   6>@6= 

 
 ! :'
 456C="+
 ) )  
 )
 
   
     	    
1 $
161

)

"%
$)



)%
C"



)
	
)

:	6>>4="3
1	
)





  
   
   
 
 
 )
	 
 



)


"!


  
   :%
 66=   
  :"" ,
 

6>?>A
+	6>@@A+
455B="

	
 	
    
   
  
     
)   
    

  
   :%
 66=" !
$) )


  

"
   
 	 
 
    ; >55 
8
 
16


 



 
 
	) 5"C
16

4568"

  	   
)
 ?     @? 
" 
    


)


:%
<=$


 :%
 <=" ) 1
  :%
 B=  
 
 :!  ; 86=

	') :456<=)

	
:%
@= 

		
"!)

$

F6552	
F<2	


)	:')456<="!	
)
$)


 
  
   J)  :,
  
 6>?>=" 
  
 :+
   455B=" .
 
  
        
162
)9

	


"!
)



))

	


"*	
;455
8

16

	


"!





)





"
,
  $  $
 
 

 
  	
  "
 
  

	
    
 
)
  
 
2 
  
" ! )
   %
 66  

)
	


)$
"!$
)
1


)


2

  

))
 


 
             
 "
	
(,

  

 
  )
	 





1 
 
   	
  
   
" !    
) 





)


2



"!	)

)
	

    
) $
 
 
" % 
    

  )
  
 	 
  
 

  







	
	
"
163
	30
!
))
++
!)


 
 / 
 
)   3& )

 :. 3O5?5C= ,&


C644&
"-+
-

()
 	

))
"!%&
,
3))
,)
"3
')


 
 )  
 
)   J /
   3
    

))
"3

	



))
	
)"

164

1
	 ." +

 *" 0
 '" ( "" 0" "   *" +" :6>>4=" (





	
" 	!
46CBCQ6C@>"
/" %" +
D" :456C="T	 1

  



	
	

)L
	
(6>56Q455@"" "#!,8?<18>6"
/

"",
0"%":6>>?="$)


" 
"!$%!56B<CQ6B??"
/0""J'"",0".
,"."%
":455<="-
	)
1
"&!?B<QB@"
"-0""
!""":455C="


)
"" "!$%!-6@@Q458
"!"
%"0":6>@B=",

)
)



	


"#!
$%!B<?1BB4"
(
"0"3

0"3!":4556="&




" 	!
5>8?Q>C@"
( 0"'" :6>>C=" .
	 )     

  
    



"'
'%((68516C5"
(0"'"+
'":6>>C="

 

 
L  ) 
 

    /
 "   
	!
!,68?<18>8"
(
+" / 0"1"  "0" :455B="
  
    %1
3!


"#6<5@16<6?"
%
3" "!
)"":4554="

	
)


)"#!
$%!-5<?BQ<@5
%
*"/&"0"J'""N"3

0"/
"*":6>?>=$

",
N
"
%

 "" 	 /"&" ,
 '"   (""" :455@=" 		 
	 
)
 
)
#!
$%!,484614884"
+
 '" :6>?<="     /
 " )
    
6B>?Q6?66"
+
'0":6>@6=")
)
")

 47@6Q>8
+
 '"  /
 '"(" :455C=" ! )     9 


/
"'*'*
'%((881C6"
+
 '"  
 " :455@="  	   
 1
 

	
"
#!,(*BC<1B<>"L65"66667D"68B<185>6"455@"55>>5"$
165
  " 

 " *  /X
 &" :455<=" 3
  (   +	

),)45?146B
 +"." :6>>8="  ) 
 
 

"  '	  &
 
,
46@>166C"

 !"  	 0" ," " :6>><=" !
 

 
  
	
  

$)

" &!)4@<Q4>>"
D"&"J"%
,"/"/"
$"%":4564="



	
	
L
	"!(-C<1B5"
,
0""*,"%"3

0":6>@C="
	


"#!
$%!6@C<1@B6"
,
"*"
&"":6>?>=)


1

J)/
"
#!(<481<C6"
,
 %"  J)
 '" :455>= 

  
 -
 / 6L /!0/ 1
!%
 2
3<851<8@"
,"&"
0""(+"*"/

("0"/
"("
/"
"+"J)"'"

+
'"
 "*
J"'" ) 0" '"/" :455B="! 

   $

        /
 L ) 

)	
" "#!,?8?Q?C<
*
 ("'" :6>>B="    
   $   4 


&
3" "#!(688Q6C>"
*,"%"
":6>?@="'	
1

D
" &%!
(4@@<1@>>"
0 !" )" &
-" -W" :4558="
	   2
1
 

		 
 
L 
   )  
"   
&%!()4884@L65"654>745540556CC5"
J

!":4568=!

	
3" 
	!
!+,-
.,B6"
J N"*  .
 +" :4558=" &  )  
  &

&	
/

(,",

58:(=

%
"

"" +	%" :6>@@="'
 
	

 
 

 
)
'+	"#!
$%!C<@QCB@"
"%":6>>C=".
	%
'
),

A
1*

"
!*C61@"
% '"" 
9 '"  ( "" :4568=" !  + $  CCG
   65/ 
 
    
 )   "
!((66C16C6"
166
'
J"&"/
 %""
1 ,""' %" 0" "+" :456C="
-1
	 

  
)   )  

3 (
(,)L65"65547456C-'56<8>B"
') *" " (
 +" /"A 	 '" .
" 0" %

 " "-
 " " ,
 0"
 ) ," - 0" :456<="  
   
)
  ) 
   3  L 3) 
  1
 *
)

"
#!""
765"66667"646B4
!) ("-"0"   " :4554=" 3
)
  ' 
 *)
 
"6(@><1@>>"
!
)"" ",

D2"%
3":6>>>="
	




"#!
$%!--6<?<Q6<@4"
 
""+)"&"*":455>="!1
!

,
)" )#816>"
!-"9)J" 
" -99"/" :4564="

)
L
:

,=" "#!-5<<1?5
-
%":6>@B="!

1
"
#!4B61
4??"
-"+" " "," :4565=" ! 
)  $  

 
   

"    "! $%! -) 4?68Q4?4?" L
65"66?<745650,C44<"6
- '" *
$ 0" *
 '"  ! ":455B=" &   

	
 	!
!+,-
.-,><"

167
a) Map of Lake Ohau and locations of the moorings, LISST profiles and weather stations. The dashed line
depicts the longitudinal profile shown in Figure c; b) Location of Lake Ohau in South Island, New Zealand; 
and c) Longitudinal profile of Lake Ohau (vertical exaggeration) with position of instruments. Two thermistor 
chains were arranged in depths of 25 m and 50 m near the head of the lake (site 1 & 2) and one thermistor 
chain near the outflow in the southeast (site 3). Two ADCPs were located next to the moorings near the 
inflow at similar depths of 25 m and 50 m (site 1 & 2). LISST profiles were taken along the lake axis as 
shown in Figure 1a.  
168
Recorded weather data for Lake Ohau during the experiment. a) Air temperature measured at Killin Barn; b) 
Precipitation measured at Elcho Flats station upstream of Lake Ohau; c) Observed wind velocity for Killin 
Barn; and d) Estimated inflow (Q) into Lake Ohau during the experiment. Dashed line represents a 
discharge of Q = 100 m3 s-1.  
169
Observed weather and limnological parameters in the water column during Period 1. a) Recorded 
temperature at Killin Barn; b) Measured rainfall at Elcho Flats; c) Estimated inflow for Lake Ohau; d) 
Observed wind speed at Killin Barn. Mean wind speed is marked by the dashed line; e) Temperature 
observed at the 50 m mooring near the inflow; the horizontal arrow indicates the time when periodic 
temperature fluctuations near the bottom were observed; f) Horizontal ADCP velocities at the 50 m 
mooring; and g) ADCP echo intensities (EI) measured 5 m above the bottom. The average EI is shown by 
the dashed black line.  
170
Vertical sediment concentration profiles (LISST) measured at DOY 175 2012 between 11 am and 1 pm in 
Lake Ohau. Panels a) to f) depict the sediment particle distribution (µL/L) at locations shown in Figure 1c, 
respectively. Solid lines represent averaged values of 1 m bins.  
171
Observed weather and parameters in the water column during Period 2. a) Recorded temperature at Killin 
Barn; b) Measured rainfall at Elcho Flats; c) Estimated inflow for Lake Ohau; d) Observed wind speed at 
Killin Barn. Mean wind speed is marked by the dashed line; e) Temperature observed at the 50 m mooring 
near the inflow (site 2); f) Temperature observed at the 50 m mooring near the outflow (site3); g) 
Horizontal ADCP velocities at the 50 m mooring; and h) ADCP echo intensities (EI) measured 5 m above the 
bottom. The average EI is shown by the dashed black line.  
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Vertical profiles of observed turbidity currents near the inflow. a) Horizontal velocity; and b) Vertical 
velocities during a flood event at DOY 250 in Period 1. Solid circles reflect measurements at the 25 m site 
and open circles reflect data from the 50 m site respectively; c) EI during the same event. Black curve 
refers to the 25 m site and the grey curve to the 50 m site; d) Horizontal velocity; and e) Vertical velocity 
profile during the large flood event in Period 2 at the 50 m site; f) Observed EI during this event. Error bars 
in panels indicate standard deviation of the measured data during a 3h period.  
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Close-up of temperatures and velocities in the water column during turbidity currents. a) Temperatures of 
the top thermistor (z = 5m, black) and the bottom thermistor (z = 42.5 m, red); b) Horizontal velocities in 
the water column at the 50 m site; c) Temperatures of the top thermistor (z = 5m, black) and the bottom 
thermistor (z = 42.5 m, red) in Period 1; and d) Horizontal velocities in the water column at the 50 m site in 
Period 1. The arrows indicate the onset of temperature inversions, when water temperatures at the bottom 
were warmer than at the top.  
174
Meteorological and limnological observations made between DOY 215 and 235 the Period 1. a) Air 
temperature; b) Wind speed; c) Inflow into Lake Ohau; d) Estimated net heat flux. Positive values represent 
heat gained by the lake; e) Temperature observed at the 50 m mooring near the inflow; and f) Horizontal 
ADCP velocities at the 50 m mooring.  
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Frequency distributions of thermocline excursions at the 50 m mooring near the inflow. a) Calculated height 
of the thermocline. The mean depth is shown by the dashed line; and b) Frequency distribution of the 
magnitude of the thermocline excursion (∆zTh).  
176
Power spectra densities of the wind velocities at Killin Barn (grey) and the temperatures measured at z = 
22.5 m near the outflow at site 3 (black line). The vertical dashed lines depict 48h, 24h and 12h periods.  
177
Conceptual model of important processes in Lake Ohau in interannual sedimentation; a) Winter period when 
the lake is isothermal; b) Summer period during flood events when the lake exhibits a strong thermal 
gradient; and c) Large flood event during Period 2 where the stratification is eroded near the inflow.  
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Appendix B  
 
 
Appendix B is available on the CD-ROM attached to the back cover. This disk 
contains the hydrometeorological datasets used in Chapter 2 in addition to the X-
radiograph images, layer counts, varve motifs, and the Western South Island climate 
index reconstruction used in Chapters 3 and 4.  Inflow and headwater precipitation 
data are the property of Meridian Energy Ltd. and are not publically available.  
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